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STUDY OF THE RADIOLYSIS OF BROMAL HYDRATE SOLUTIONS 
USING C"-LABELLED BROMAL'! 


H. HEusINGER, R. J. Woops, Anp J. W. T. SpPINKs 


ABSTRACT 


Bromal labelled with C" in the carbonyl group has been used to show that small amounts 
of carbon dioxide and carboxylic acids are produced in the radiolysis of aqueous bromal solu- 
tions. G values for the production of COs and carboxylic acid are about 7.5% and 15% of 
those for HBr production, respectively. The observed yield of carboxylic acid is in agreement 
with that found by titration. 


INTRODUCTION 


The decomposition of aqueous bromal hydrate solutions by cobalt-60 gamma rays 
has already been studied with special reference to the formation of hydrogen bromide 
(1). Some of the major products of the radiolysis were determined, but it proved difficult 
to separate those products which were formed in smaller amounts and the quantitative 
determination of these was not attempted. This suggested the use of labelled bromal, 
which would facilitate the separation of products using carrier techniques. The deter- 
mination of the relative activities would give directly the ratio of the products formed. 


EXPERIMENTAL 


Preparation of C'*-Labelled Bromal Hydrate 

1-C4-Ethanol? (0.1 mc) diluted with 4 g inactive ethanol was oxidized with hot, 
aqueous dichromate solution (2) and the acetaldehyde produced collected in a bulb 
cooled in a solid carbon dioxide — methanol bath. The bulb was removed from the cooling 
bath and equipped with an efficient reflux condenser, through which a drop of dilute 
sulphuric acid was added. The acetaldehyde became hot and polymerized. The polymer 
was brominated (3), and the products separated by fractional distillation under reduced 
pressure. The bromal fraction, b.p. 85-87° C/38 mm, was dissolved in 10 ml acetone, and 
3 ml water added. Bromal hydrate (5.5 g, 9X 10* disintegrations/min mg), m.p. 53.5° ¢ 
crystallized as the acetone evaporated. An additional small quantity of bromal was ob- 
tained by brominating the low boiling fractions further. 


Irradiation of Bromal Hydrate Solutions 

Solutions (2 or 3 ml) were irradiated in glass test tubes equipped with gas inlet and 
outlet tubes and supported in lucite blocks arranged concentrically about a 90-curie 
Co source, permitting dose rates of up to 1510 roentgens per minute. Dose rates were 
measured by determining the ferric ion formed when solutions of ferrous ammonium 
sulphate were irradiated (4), assuming a G value of 15.5 for the formation of ferric ions 
and a conversion factor of 1 r = 0.975 rad (5). 

1Manuscript received January 19, 1959. 
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Gaseous and volatile products were removed by passing a stream of oxygen or hydrogen 
through the solution either during the irradiation or afterwards. Carbon dioxide was 
subsequently absorbed from the gas stream by sodium hydroxide solution. In one experi- 
ment the oxygen leaving the irradiation tube was passed through a heated platinum 
catalyst, to oxidize volatile organic compounds to carbon dioxide, before being passed 
through the sodium hydroxide solution. 

Hydrobromic acid and the “total acid’’ were determined in irradiated solutions of in- 
active bromal hydrate by titration with silver nitrate solution (eosin) and sodium 
hydroxide solution (bromophenol blue), respectively. 


Counting 

In order to get directly comparable values for the radioactivity present in the starting 
material and the products, all were counted as barium carbonate. The carbonate was 
counted in a gas-flow proportional counter as infinitely thick samples. 

Bromal hydrate, and products other than carbon dioxide, were oxidized to carbon 
dioxide by warming with an aqueous solution of potassium persulphate containing silver 
nitrate as a catalyst (6). The carbon dioxide was absorbed in sodium hydroxide solution, 
carrier sodium carbonate added, and a solution containing ammonium and barium 
chlorides added to precipitate barium carbonate. 


Determination of Carboxylic Acids Formed by Irradiation 

To 2 ml of irradiated bromal hydrate solution were added 50 mg inactive bromal 
hydrate and 40 mg glacial acetic acid, and the solution stirred with 2 g barium carbonate. 
The neutral solution was filtered, extracted with ether, acidified, and again extracted with 
ether. Acidic materials were extracted from the ethereal solution with dilute sodium 
hydroxide solution, a stream of air passed through the alkaline extract to remove dis- 
solved ether, and the organic acids oxidized with persulphate as described above. 


RESULTS 


The amount of carbon dioxide formed was plotted against the dose of radiation received, 
as shown in Fig. 1, and the slope of the line measured. Results obtained in this manner, 
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Fic. 1. Production of hydrobromic acid and carbon dioxide on irradiation of 0.2 molar bromal hydrate 
solution. Dose rate, 216 r/min; O, HBr; A, CO:. 
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expressed as G values (1), are given in Table I. Yields of hydrobromic acid, determined 
by titration, are given for comparison. In one experiment the gases from the irradiated 
solution were passed over a catalyst with oxygen; since this did not increase the yield 
of carbon dioxide it was assumed that carbon monoxide and other volatile compounds 
containing the aldehyde—carbon from bromal were absent. 

Table II gives yields of hydrobromic acid and the total acid which were determined by 
titration of irradiated solutions of inactive bromal hydrate. The ratio Grota scia/Guer 
appears to be constant with a value of about 1.16, and to be independent of concentration 
of bromal hydrate, dose rate, and the presence or absence of oxygen (the ‘‘oxygen-de- 
pleted”’ solutions in Table II contained only the oxygen diffusing into the solution from 
the air above it, oxygen originally present having been used up), although all of these 
factors have a considerable effect upon the yield of acid. The ratio of Gypr+carpoxyite acta/ 
Gupr found using labelled bromal (1.15 cf. Table I) agrees well. 


TABLE I 
Radiolysis products from 0.2 molar aqueous bromal solutions 











Gas-saturating soln. during Dose rate (Gco,/Gusr) 
irradiation (r/min) Guer Gcoe Gearboxylic acid x 100 

Oxygen 216 245 16.2 — 6.6 
Oxygen 460 160 12.6 — 7.9 
Oxygen 1510 96 7.2 - 7.5 
Hydrogen 1510 17.5 * 0.44 — 2.5 
Air (depleted in O2 during latter 

stages of irradiation) 460 33 .5* 3.5*. f 5.0* 10.4 





* Values determined after a single dose of about 100 kr. 
T Not changed by oxidation of exit gases. 


TABLE II 
Hydrobromic acid and total acid produced by radiolysis of aqueous bromal hydrate solutions 











Gas-saturating soln. during Dose rate 
irradiation (r/min) Molarity Gur Gtotal acid Gtotal acia/GuBr 

Oxygen 20 2.0 985 1070 1.09 
Oxygen 23.5 2. 915 1070 Bri 
Air (excess O2 present) 10 0.15 565 625 ae 
Air (excess O2 present) 19 0.1 375 455 1.21 
Air (excess O2 present) 1100 0.1 69.5 82 1.18 
Air (O2-depleted) 10 0.15 94 100 1.06 
Air (O2-depleted) 19 0.1 121 138 1.14 
Air (O2-depleted) 1100 0.1 14 18 1.29 





DISCUSSION 


It has already been shown (1) that the radiolysis of aerated, aqueous solutions of 
bromal hydrate gives hydrobromic acid in such amounts that a chain reaction, initiated 
by the primary radicals produced by the radiation—water interaction, must be postulated 
to account for it. Dibromoacetaldehyde, together with a smaller quantity of dibromo- 
acetic acid, was also found among the products of the reaction, although the yields of 
each could only be estimated approximately. Oxygen was found to be necessary for the 
highest yields of hydrobromic acid, and was used up during the reaction. The yield fell 
markedly if the oxygen present in solution was used up or was displaced with nitrogen. 


About one mole of oxygen was used up for every 3 or 4 moles of hydrobromic acid 
produced. 
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Both the mechanism of the chain reaction and the fate of the oxygen which is consumed 
are uncertain. The present study was initiated to examine the possibility that carbon- 
carbon bond fission was a step in the chain reaction that would account for the uptake of 
oxygen. 
|. Probable chain-initiating reactions between the primary radicals and bromal hydrate 
are: 


R- + BrysC.CH(OH); > RBr + BrzC.CH(OH)s, (1] 
— RH + Br;C.C(OH)s, [2] 
— ROH + Br;C.CH(OH), [3] 


where R- is a hydrogen atom or a hydroxyl radical. Oxygen, if present, could react with 
the organic radicals to give peroxy radicals which, since stable peroxides have not been 
detected after irradiation, must subsequently break down. The peroxy radical from 
reaction [1] would probably break down, the over-all reaction being represented by, 


Br:C.CH(OH): + O» + 2HBr + 2CO; + HO;-. [4] 
O2 


In this case both carbon atoms appear as carbon dioxide. Peroxy radicals from reactions 
[2] and [3] would be liable to break down to give the relatively stable tribromomethy] 
radical, Br;C-, carbon dioxide from the carbonyl carbon atom, and either hydrogen 
peroxide or water. 

Since the amount of carbon dioxide found is only about 7% of the amount of hydro- 
bromic acid it is evident that the fission reactions suggested above, although they may 
account for the carbon dioxide produced and for part of the oxygen consumed, are not 
steps in the chain reaction. Furthermore, the carbon dioxide/hydrobromic acid ratio 
does not vary with dose rate as would be expected if the carbon dioxide were formed in a 
chain-stopping step; the yield of hydrobromic acid is inversely proportional to the 
square root of the dose rate (1). Thus, carbon dioxide must be formed by a side reaction 
which is not part of the chain reaction producing hydrobromic acid. The lower yield of 
carbon dioxide in the absence of oxygen is in line with the reactions suggested above. 

The yield of carboxylic acid also bears a constant ratio to the amount of hydrobromic 
acid formed and is independent of dose rate, but the yield of acid is too small for it to be 
formed directly during the chain reaction. The ratio is the same in the presence or 
absence of oxygen and the acid may result from rearrangement of a proportion of the 
radicals concerned in the chain reaction. The only carboxylic acid isolated was dibromo- 
acetic acid, suggesting that the rearrangement might be, 


Br;C.C(OH)2 > BriC. CBr(OH)», [5] 


followed by removal of hydrogen from a solvent or solute molecule and hydrolysis of the 
acid bromide. The rearrangement of a number of radicals with the migration of a hydro- 
gen atom has been discussed by Semenov (7), and instances in which a chlorine atom 
migrates have been given by Wiley (8) and Nesmeyanov (9), the examples given by the 
latter author involving migration of a chlorine atom from a trichloromethyl group to 
the adjacent carbon atom. Rearrangement to more stable structures of the organic 
radicals concerned in the radiolysis of bromal should be favored by the relatively long 
mean lifetime of the radical chains, about 0.1 to 1 second (10). 
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THE CONFORMATIONS OF THE DIASTEREOMERIC 
2,5-DIMETHYL-2,5-DIMETHOXY-3,4-DIPHEN YLHEXANES! 


HENRY SAWATZKY, GEORGE K. WHITE, AND GEORGE F WRIGHT 


ABSTRACT 


The electric dipole moments of six possible rotamers comprising the two diastereomeric 
forms of 2,5-dimethyl-2,5-dimethoxy-3,4-diphenylhexane have been calculated vectorially. 
Comparison of these values with the experimental determination of polarization in benzene 
and carbon tetrachloride shows that only two of the rotamers of the dd,/i form and only one 
of the meso form are present in significant amount. The moment of the dd,/i diastereomer 
decreases with increasing temperature but that of the meso form is almost invariant. It is 
probable that all six central linkages in these diastereomers are hindered from free rotation. 


The two diastereomers (Ia and Ib) of 2,5-dimethyl-2,5-dimethoxy-3,4-diphenylhexane 
may be obtained by homopolar reduction of 1-chloromercuri-1-phenyl-2-methoxy-2- 
methylpropane (1). One of these diastereomers (Ia) was reported (1) as a non-crystal- 
lizable oil, but we have now succeeded, after chromatographic removal of impurities, in 
the isolation of Ia, as a low-melting solid. 


oe, joe Cat & pe 
H~ | Wikon. __HSQ —T \ 
¢——_-¢ > 
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a | a a OH 
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The configuration of Ia has been established (2) by its conversion in concentrated 
sulphuric acid to the related diastereomer of 2,2,5,5-tetramethyl-3,4-diphenyltetrahydro- 
furan, II. The configuration of this cyclic ether was established as dd,/] because it could 
be prepared from the diol III, which was obtained from methyl Grignard reagent and 
dd,li-dimethyl-2,3-diphenylsuccinate, IV (3). 

As might be expected in view of the steric convenience in conversion of Ia or III to 
II, the other diastereomeric (meso) 2,5-dimethyl-2,5-dimethoxy-3,4-diphenylhexane, I, 
does not form a cyclic ether, V, with ease. It does undergo condensations of the Friedel— 
Crafts type so that the methoxyisopropy! group on one of the central (‘‘pivot’’) carbon 
atoms reacts with the ortho position of a phenyl group on the other “‘pivot’’ atom to 
form 5,5,10,10-tetramethyl-4),5,95,10-tetrahydroindeno[2,1-a]indene, VI. 

The difference in types of reaction and products formed from Ia and Ib would suggest 
a strong steric influence. Moreover, the specific reactivity with respect to condensing 
agents (1, 2) shows that the geometry of the diastereomers must be important. For 


1Manuscript received January 20, 1959. 
Contribution from the Department of Chemistry, University of Toronto, Toronto, Ontario, Canada. 
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these reasons we have determined the electric moments of Ia and Id in two solvents and 
at various temperatures. 

The geometry of these diastereomers may be expressed roughly by the rotameric 
forms (4) in which each would exist if there were restriction toward rotation at the 
pivot bond. Each diastereomer may be shown as three rotamers which for Ia are A, 
B, and C. The three rotamers of the meso diastereomer, Ib, are shown as E, F, and G, 


H H H 
Me gis th HTN C,H, CHT -L (Me),OMe 
CA. sig? C(Md, OMe C,He \ cite ome C,H, + Lett 
C.Hs C H 
A (Me), 
Me 
B 


although it should be noted that F and G are enantiomerically different but geometri- 
cally identical. Thus F and G represent one meso rotamer while E represents the other. 


H oH H 
MeO(Me),C_, LH, C,H, a HY C(Me),0Me 
CoC , (Me), OMe C.H C,H, >Ac(MehOMe 
be os (Me),0Me ae all 
f (Me), GH 
E OMe S 
F 


One realizes that none of these rotamers would have an electric moment equal to zero 
(even E) because of rotational motion at the isopropylidene and the oxygen linkages. 
Therefore it is necessary to know the expected moments for different extents of fixity 
at these linkages before a comparison can be made with experiment. For this purpose 
we have symbolized the structure of Ia—Ib in Fig. 1. In this diagram the carbons are 
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taken as tetrahedral (109°28’) while the oxygen angles are assumed to be 108°. The 
* moment (0) of the phenyl group is chosen as 0.37 Debye while that (a) of the methoxy 
group is 1.31 D (the observed moment of dimethyl ether). If the unit vectors are defined 
as shown, 4, 9, t, t, 8’, 0’, y’, and *’, the resultant moments of these vectors (assuming 
hydrogen compensation) for each rotamer are at+ar’+bo+bo’. 


FREE ROTATION ONLY ABOUT THE ETHER LINKAGE 
We shall first consider certain fixed positions for 6, o, ¥, 6’, o’, ¢’ while ¢ and ’ are 


rotating freely. In this circumstance (5) 


[1] a? = a? (14142 cos? 54° (y. oy’) + 
b? [1+1+20.0’]+2ab [+cos 54° (o+o’) +cos 54° (Yo’+'o)] 
3.706-+ 1.186. f’ +0.2749. 9’ +0.570 (¢+¥’). (o+e’). 


It is convenient: to align Fig. 1 so that ‘the ethane pivot bond”’ is parallel (001) to 
the Z-axis. Now, since the cosine of the angle between Z and 0 is +1/3, o may be written: 


[2] o = V8/9 cos ¢,+/8/9 sin ¢, 1/3 (as shown in Fig. 2), 


similarly 


6 = V/8/9 cos 6, 1/89 sin 6, 1/3 


where 6 and ¢ represent the polar angles in the plane of projection. 


Z 


Po V3 





Fic. 2. 


Also since 9.6 = —1/3, then 6—¢ = +120°. 

We thus need specify only the X-axis in order to get » and 6. This X-axis is best 
chosen for each isomer according to the symmetry of that particular isomer. 

In order to co-ordinatize J, it is easiest to take ¢ relative to 6 in the same manner in 
which we took ¢ and 9 relative to Z. 

Since the cosine of the angle between 6 and & is —1/3, ¢ may be written as 


t = V/8/9 cos BK ++/8/9 sin 6141/36 (see Fig. 3) 


oy 
j 
& 
7 
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where klé form a right-handed triad of unit vectors. Thus +/8/9 cos 8 is the projection 
of ¢ on the k-vector of Fig. 3. , 





Fic. 3. 


Once a particular | is chosen perpendicular to 6, k is then fixed and & depends only 
ong. The variation in 8 corresponds to the rotation of & about 6. 
Any I perpendicular to 6 may be chosen, but the following choice simplifies the calcu- 
lation: 
1 = (sin #, —cos 8, 0), 
whence 


k = (1/3 cos 6, 1/3 sin 8, —»/8/9), 
i.e. kK is in the (Z, a) plane, 1 is in the (X,-Y) plane. Then; as above, if 


vt = 1/36+cok+csl, 
substituting, 


(3] t = 1/3\/8/9 cos 8 (1+cos 8) ++/8/9 sin 6 sin B, 1/3+/8/9 sin @ (1+cos B) 
—~V/8/9 cos 6 sin B, 1/9—8/9 cos B. 


A similar derivation can be made for ¥’, or it may be determined intuitively from 
the symmetry of the molecule about its central bond. 

Now the moment of each of the rotamers A-G inclusive may be calculated from ¥ 
and obtained from equations [2] and [3] after the values for f.’, o. 0’, and (¢+y’). 
(o+e’) are determined from the geometry of each rotamer; the moment (/yz?) may 
then be determined by substitution into equation [1]. 


Rotamer A 

Reference to the graphic formulation of the A rotamer of the dd,/l diastereomer 
shows the relationship where @ refers to the bonding of the methoxyisopropyl group 
and ¢ refers to the bonding of the phenyl group. Now for the two central carbon atoms, 


A'(x, y, 2) = A(—x, y, —2), i.e. symmetry about the Y-axis. i 
= 60° 
$= 120° e-o 


6=180° 
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Then 


e.0° = —p2+p/—p2(+p,/’—p,”) = 2p,?—1, 


and 4,A’ refers to all corresponding fixed linkages, in particular @ and 6. Similarly 


boy = 2y,2—-1. 

So 

(o+o’).(u+t') = 4p, = —16/9V/3 sin B 
since 

o, = V8/9sin ¢ = V8/9V/3/2 
and 
t, = 1/3\/8/9 sin 6 (1+cos B) —V/8/9 sin B cos 6 = —+/8/9 sin B, 
whence 
u? = 3.706+1.186(16/9 sin? 6B—1)+(0.274/3) +0.570(—)(16+/3'sin 6/9). 

Then 

du?/d8B = 0 = cos B (4.216 sin B— 1.755). 
The maximum for yw is then determined as 2.54 D (yu? = 6.474) when sin 6 = —1 


(8 = 270°, cos 8 = 0), of course with a smaller maximum when 6 = 90° (sin 8 = 1, 
p? = 2.964). The minimum for u at sin 8 = 1.755/4.216 (8 = 24°36’ or 155°24’) is then 
1.50 D since p? = 2.246. 


Rotamer B 
In like manner rotamer B may be evaluated since it differs from rotamer A only 


in the sense that a? 
o, = V8/9sin ¢ = 0. 


Q- 


0-120", o-0° 
$-180 
Rotamer C 
Symmetrical about X-axis, i.e. A’(x’, y’, 2’) = A(x, —y, —2). 
}- 150% oe 
}-2I gel 
6-30 
Ox = —1/8/9.+/3/2 7 
t, = 1/3°/8/9.»/3/2(1+cos B—V/3 sin B) 
Rotamer E 


This rotamer, one conformation of the meso diastereomer, will be shown to have a 
moment that is independent of the angle 8. Inspection shows that the z co-ordinate 
of A’ = minus the z co-ordinate of A, that is A’(x’, y’, 2’) = A(—x, —y, —2). 


}-120,, @-0° 
6-180 Y B=300° 


i 
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So 
yy’ = —4, 
e.e = —1, 
t.y = -1, 
and 
(¢+’)(o+9’) = 0. 
Then 


uw? = 3.706+1.186(—)+0.274(—) = 2.246. 


Rotamers F and G 


The other rotamers of the meso isomer are the enantiomorphous F and G in which 
A’(@’,z) = A(@+60, —2). 





Then 
0 = (1/8/9 cos ¢, /8/9 sin ¢, 1/3) 
‘ o = V8/9 cos ¢’, 18/9 sin ¢’, —1/3 
and . 
t = 1/3y’8/9 cos 6 (1+cos 8) ++/8/9 sin @ sin B, 
1/3+/8/9 sin 6 (1+cos B) —+/8/9 cos @ sin 8, 1/9—8/9 cos B. 
Since 
y = t(—30, 2) and ¢’ = ¥(30, —2), 
t! = [V/3/6v/8/9(1+cos 8) +1/21/8/9 sin B, 1/6/8/9(1+cos 8) —+/3/2 sin B, 


—1/9+8/9 cos 6] 
so 
ote’ = —V3/2V/8/9, 3/2/89, 0 

and 

utd’ = 38/9 [1/3(1+cos 8), —sin B, 0] 

4.4’ = 1/27(13+8 cos B—32 cos? 8) 

eo. = 1/3. 
Then 


du?/dB = 0.098 sin 8+2.812 cos 6 sin B— 1.316 cos B = 0 
sin 8B = 0.468+0.035 tan 6, 


whence 6 = 29°12’ or 86°18’ as well as 153°12’ or 271°24’ and the maxima and minima 
may be chosen from these values. 


TABLE I 
Rotamer moments where all bonds are fixed except the ether linkages 














dd,ll meso 
Rotamer A B c E F,G 
Angle 6 for min., u 24°36’ or 155°24’ 180° or 300° 14°14’ or 222°46’ Independent 153°12’ 
u, min., Debye 1.50 1.50 1.50 1.50 1.52 
Angle 8 for max., u 270° or 90° 60° 120° Independent 271°24’ 
u, max., Debye 2.54 1.96 1.8] 1.50 2.33 














CANADIAN JOURNAL OF CHEMISTRY. VOL. 37, 1959 





FREE ROTATION ABOUT ALL BONDS EXCEPT THE PIVOT BOND 


In this condition y and y’ (Fig. 1) are presumed to rotate as freely as 7 and 7’. Then, 


w? =a?(1+1+2 cos? (180—a) cos? (180—C)(¢. 6’) +52(1+1+2¢9. 0’) 
+2ab[cos (180—a) cos (180—C)(¢.0+6.0'+¢'.0+¢’.9’)| 


where cos C = 6.9 = d’9’ = —1/3, i.e. cos of the tetrahedral angle and a = 180° —1/2. 
The ether angle = 126°, whence 


pw? = 2a?+2b?+2ab cos 54°(+1/3)(—2/3) +a?.2/9(6. 6’) cos? 54° 
+b? 29.9’ +2ab cos 54°. 1/3(¢.9’ +0’. 9). 


Assuming as before that a = 1.31 and 6 = 0.37 
[4] uw? = 3.579+0.132(6. 6’) +0.2740. 0’ +0.190(¢. 0’ +6’ .0). 


This condition of free rotation may be diagrammed as follows: 


PP Oo 
68 Pp’ 


Earlier we specified: ite —_ 
0 = V8/9 cos ¢, 8/9 sin ¢, +1/3 
6 = 8/9 cos 8, /8/9 sin @, +1/3 


so 9’ and @’ will differ only by the co-ordinate —1/3. Then 


0.0’ = 8/9 cos (¢’—¢)—1/9 
6.6’ = {8 cos (6 —0)—1}/9 
é.0'+6'.0 = 8/9 (cos 0’ —¢)+cos (¢—8) —2/9. 


When the values of 6 and ¢ for the five rotamers comprising the two diastereomers 
are substituted in these equations, the o.p values thus obtained may be used in equa- 
tion [4]. 


TABLE II 


Moments of the rotamers when all but the pivot bonds are freely rotating 





dd,ll meso 
Rotamer A B i E F, G 
0.0’ 1/3 =! 1/3 ~1 1/3 
6.3’ —1 1/3 1/3 —| 1/3 
6.9’ + 3 0 2/3 2/3 —2 2/3 —2/3 
we 3.665 3.476 3.334 3.300 3.588 
u, Debye 1.91 1.86 1.83 1.82 1.89 


For a comparison with these calculated moments benzene and carbon tetrachloride 
solutions of the diastereomers Ia and Ib were examined according to techniques de- 
scribed previously (6). Because of the low melting point (45-46°) of the dd,/l diastereo- 
mer we were unable to measure its distortion polarization by the pelleted solid tech- 
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nique (7, 8), but the density (1.121) and the dielectric constant (2.460) of the meso 
isomer (pelleted solid) at 23° afforded a P,,, value of 95.5 cc. This experimental value 
is lower than the electronic polarization (99.9 cc) calculated from additive bond re- 
fractions. Since the discrepancy does not alter the moment values appreciably the 
latter value (99.9 cc) has been subtracted from the total polarization in calculation of 
the moments recorded in Table III. 


TABLE III 


Electrical polarizations of the dd,ll (Ia) and meso (Ib) diastereomers of 2,5-dimethyl-2,5- 
dimethoxy-3,4-diphenylhexane in benzene (CsH¢) and in carbon tetrachloride (CCl,) 











Temp., Pum Moment, 
Diastereomer Solvent ns & de/dw dV /dw cc Debyes 
dd,ll CeHe 20 1.62 0.160 194 2.11 
Same 27 1.35 0.169 178 1.95 
Same 40 0.97 0.176 156 1.69 
CCl, 20 2.70 0.328 184 1.99 
Same 27 2.36 0.332 173 1.89 
Same 40 2.14 0.333 168 1.83 
meso CeHe 20 0.69 0.147 139 1.36 
Same 30 0.67 0.175 136 1.33 
Same 40 0.63 0.177 135 1.33 
CCl, 20 1.52 0.324 143 1.44 
Same 30 1.40 0.334 140 1.40 





According to the data of Table III] the diastereomers Ia and Ib behave differently 
from the simple 1,2-disubstituted ethanes and their homologues (Ref. 5, page 355) 
except for the similarity that moments are apparently higher in benzene than in carbon 
tetrachloride. But, by contrast, the polarization increases as with rising temperature 
of 1,2-dichloroethane, its analogues and homologues, whereas the polarizations of Ia 
and Ib decrease with increasing temperature. Moreover, this latter behavior is in con- 
trast with the temperature invariance observed for simple tetrasubstituted ethanes. 

The contrast may be attributed to potential energy barriers in Ia and Ib which are 
so complex that they may be described as ‘“‘group entanglement’’. In consideration first 
of the dd,ll diastereomer Ia it may be seen by comparison of Tables II and III that 
free rotation is excluded by the fact that in this circumstance the moments of rotamers 
A, B, and C would be almost identical. This expected invariance with respect to tem- 
perature does not correspond with the 0.42-D decrease in benzene or the 0.16-D decrease 
in carbon tetrachloride solution over a 20° temperature rise. 

Thus some hindrance to free rotation in the dd,/l diastereomer must exist, but the 
data of Table I are not definitive for an exact assignment. It is probable that rotamer A 
makes some contribution; indeed it is required to account between its maximum and 
minimum in respect of isopropylidene conformation for the observed moment (2.11 D) 
in benzene at 20°. Likewise the maxima and minima of rotamer B at the specified B-angles 
can account for the entire range of Ia moment from 20 to 40°. On the other hand the 
maximum of rotamer C is less than the minimum observed moment in carbon tetra- 
chloride. Therefore one may say that the amount of rotamer C is minimal but no 
decision can be made in respect of the relative amounts of A and B. 

The situation is clearer when one considers the meso diastereomer. Certainly the 
calculated moments of Table II preclude any possibility of free rotation. When rotation 
restriction at the isopropylidene linkage is considered it may be seen from Table I that 
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the presence of rotamer F, G in appreciable amount is unlikely. Because of the maxima 
and minima the effect of this enantiomeric rotamer ought to be observed as change in 
moment with respect to temperature. In fact the moment is almost invariant either in 
benzene or carbon tetrachloride. This situation fits rotamer E, in which the moment 
is independent of isopropylidene conformation. 

While rotamer E seems to describe the meso diastereomer Id entirely it will be seen 
that the observed moments (1.33-1.44 D) are lower than have been calculated (Table I) 
for restriction at the isopropylidene linkage. The only explanation apparent for this dis- 
crepancy is that of rotational restriction at the methoxy linkage. Thus it would seem 
that free rotation is absent in any part of this diastereomer and this circumstance prob- 
ably applies to the other diastereomer as well. It is in this sense that the term “group 
entanglement” has been used above. 

Of course these arguments may be considered to be trivial; certainly one may draw 
the conclusions intuitively by inspection of the rotameric formulae A-G. Moreover, 
these conclusions might have been predicted from the chemical reactions of the diastereo- 
mers. However, the present data may be useful in discernment of the intimate mechanisms 
of the chemical reactions. Certainly it is apparent that the presently popular mechanisms 
in terms of ionic species appear to be shallow representations of the geometric com- 
plexity of diastereomers such as the 2,5-dimethyl-2,5-dimethoxy-3,4-diphenylhexanes. Of 
course, the symmetrically staggered conformations of formulae A-G also fail to represent 
entirely the deformations caused by steric effects. 


We are grateful to Mr. C. C. Meredith for suggestions which were adopted in im- 
provement of the measuring equipment. 


EXPERIMENTAL 
dd,ll-2,5-Dimethyl-2,5-dimethoxy-3,4-diphenylhexane (1b) 

The oil (b.p. 203—205° at 13 mm) previously designated as this diastereomer was 
purified by passage in hexane solution through a column containing neutral alumina 
activated at 200° C. The eluate was separated so as to segregate the least ultraviolet 
fluorescent part. Solvent evaporation left an oil which was dissolved (10 ml per g) in 
95% ethanol at 25° and slowly chilled to —78°. Although oil usually separated, eventually 
crystals, m.p. 41-41.5°, were obtained. Subsequent crystallizations by seeding ethanol, 
or ethanol—-water mixtures at room temperature or below, gave a material melting at 
45.6° to 46.3°. 


Dielectric Constants of Solutions 

The measurements were made by use of an apparatus which has previously been 
described (9). However, the precision of temperature control has been improved to 
+0.04° by alterations in the thermostatting system. Water is circulated through the test 
cell (Fig. 4) by means of a 1/3-hp centrifugal pump from and to a “‘slave’’ bath equipped 
for controlled heating and cooling by means of a Wheelco Model 7431 recording regu- 
lator. Into the test cell at B is fitted a removable 200K thermistor (Western Electric 
14A, bottom wet with ethylene glycol), which is held in a connector plug C that may 
be transferred to a ‘‘master’”’ thermostat at entry point F (Fig. 5), which is threaded 
to accommodate D (Fig. 4). When this thermistor is plugged into G (Fig. 5), which is 
connected parallel with H (Fig. 4), it is connected with T1 (Fig. 6)..The permanent 
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thermistor (Fig. 5) in the ‘‘master’’ bath is connected at T2 (Fig. 6) so that the Wheat- 
stone bridge, across which is a 6-v dry cell pack connected via S2, may be balanced by 
R4 and R5 at the temperature of the master bath. 


D-C. 
LINE 
ZN 


























5 
2 RII 
‘eS see 
dad CONTROLLER 


Fic. 6. 


When the movable thermistor is returned to B any imbalance in the bridge causes 
a potential difference at the grids of the twin triode VI-V1 to which a common gas 
tube regulated d-c. plate supply is available as well as a regulated filament voltage 
(points 4 and 5, Fig. 6). The amplified imbalance signal, adjusted for scale by R1 and 
R3 and for sensitivity by R11, is transferred to the ‘‘slave’’ bath regulator (recorder) 
circuit. 

The components of the bridge circuit (Fig. 6) with its voltage-regulated supply are 
as follows: 


R1 0.5 kQ R7 1kQ Vi-V1 12AT7 

R2 0.75 kQ R8 0.25 kQ 10w V2 VR75 

R3 2k R9 0.25 kQ 10w V3 VR75 

R4 25 kQ R10 1.5kQ 10w d-c. Line 110 v 

R5 25 kQ Rll 3kQ S3 Push button 
R6 0.25 kQ 10w RX1 100k starter 


RX2 100k 


The voltage supply regulation is adjusted to 12.6 v by means of R8, and then R6 is 
adjusted until the current across the otherwise bridged terminals A and B (Fig. 6) is 
167-168 ma. The bridge amplifier is adjusted, after a jumper is placed between terminals 
2 and 4 of the bridge, by setting Rl to maximum, R11 to minimum resistance; then 
adjust R3 and R11 until the regulator recorder is in its operating range at sufficient 
sensitivity. When R11 is returned to minimum resistance R1 is now adjusted so that 
the potential at either of the 12AT7 grids is 6 v. Again sensitivity is increased via R11, 
R3 is readjusted to the regulator scale, and the jumper between 2 and 4 is removed. 
The specific volumes of solutions between 0.002 and 0.008 weight fraction were deter- 
mined in the master bath and the dielectric constants were determined at 0.5 mc in 
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benzene and in carbon tetrachloride, the constants of which have been reported recently 
(6). Typical plots from which dV/dw(8) and de/dw(a) were obtained are shown in Fig. 7 
and Fig. 8. The determinations in carbon tetrachloride were carried out on weight 
fractions between .001 and .005 and are of comparable precision. 


Infrared Spectra 

Solutions were examined by the double beam technique (IR4) and frequencies of 
the absorption peaks are reported as wave numbers, cm~', for which the molecular ex- 
tinction coefficients ‘‘e’’ are listed. Benzene solutions were used for the 300-900 cm 
spectral range, while for the 900 and up range carbon disulphide and carbon tetrachloride 
solutions were used. 


The spectra for the benzene solutions are as follows: 




















meso Diastereomer dd,li Diastereomer 
cm7! . cm" € 
441 3:6 570 2.5 
553 5.9 597 | 
603 6.3 711 iS.1 
611 7.5 785 7.5 
707 26.3 

eayy 14.1 

776 16.7 





The spectra for the carbon disulphide solutions are as follows: 

















meso Diastereomer dd,ll Diastereomer 
cm! ~ cm7! . 
703 52.8 703 60.3 
716 15.9 724 10.2 
771 23.5 746 4.3 
865 4.5 771 6.3 
931 2.8 781 15.5 
1028 5.8 823 4.7 
1070 50.5 843 2.4 
1128 31.0 888 2.4 
1159 13.4 928 2.4 
1176 20.7 935 2.7 
1215 11.6 959 3.0 
1233 9.1 998 2.4 
1269 &.1 1012 3.3 
1363 14.4 1032 5.6 
1381 ak 1069 60.5 
1710 7.6 1134 29.0 
2180 3.5 1138 30.1 
2820 7.6 1177 29.0 
2920 19.7 1229 16.9 
2940 21.5 1270 2.0 
1343 4.6 
1362 14.1 
1374 18.6 
2820 8.6 
2910 21.5 
2950 25.4 
| 3020 7.0 
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The spectra for carbon tetrachloride solutions are as follows: 























meso Diastereomer dd,li Diastereomer 
cm" . cm7! € 
703 65.2 703 47.2 
718 17.4 725 9.1 
826 3.6 824 4.7 
866 2.9 1032 5.0 
1030 5.7 1070 60.6 
1083 46.8 1130 25.9 
1132 27.8 1141 30.8 
1156 12.8 1154 12.1 
1161 13.5 1178 29.0 
1178 19.8 1226 15.6 
1215 9.7 1362 15.1 
1233 8.5 1380 19.5 
1274 4.9 1455 15.6 
1365 17.3 1475 12.1 
1388 19.0 1490 9.1 
1460 17.1 1600 2.0 
1497 107.0 2800 10.8 
1605 4.3 2930 23.5 
1710 11.9 2950 26.3 
2180 2.9 3000 10.7 
2820 4.9 3030 7.5 
2848 9.2 
2960 19.0 
3010 15.7 
3040 11.9 
REFERENCES 





THE INFRARED SPECTRA OF MALONATES AND OXALATES: 
TEMPERATURE EFFECT! 


R. A. ABRAMOVITCH 


ABSTRACT 


The infrared spectra of a number of malonates and oxalates (as liquid films) were examined 
at various temperatures and narrower slit widths than had previously been used. The absorp- 
tion in the 5.8 uw region is very complex, at least four bands being observed in each case. Small 
but definite temperature effects were recorded for both types of esters. At somewhat wider 
slit widths only two bands were observed, these occasionally having indistinct shoulders. The 
spectra of some of the compounds were also measured in both carbon tetrachloride and 
acetonitrile solutions (two bands observed in each case) and the ratios of the intensities of 
the two bands compared. A possible explanation of the effects observed is that at least two 
rotational isomers can exist for each compound and that vibrational coupling of the carbonyl 
stretching frequencies can occur in each of the rotational isomers. 


The infrared spectra of a number of malonic ester derivatives were shown to exhibit 
two carbonyl stretching bands both in the pure liquid state and in solution (1) (these 
measurements were carried out on a Grubb—Parsons double-beam spectrometer, type S4, 
with a sodium chloride prism and at a slit schedule of 1.5 mm). The splitting of the 
carbonyl band was shown not to be due to either enolization and conjugate chelation 
or to association. Two further possibilities were considered at that time, these being 
vibrational coupling and rotational isomerism, but no decision could be reached on the 
basis of the evidence available. To determine whether, in the absence of rotational 
isomerism, vibrational coupling was possible the spectra of some cyclic malonates were 
studied (2). Two carbonyl stretching bands were again observed and since there was 
no evidence of enolization in these compounds the two bands were attributed to vibra- 
tional coupling of the two 6-carbonyl groups. This did not, however, eliminate the 
possibility that in the open chain compounds the two bands could be due to rotational 
isomerism. 

It therefore became necessary to examine the temperature dependence (if any) of the 
two carbonyl peaks in the case of the open chain compounds. If rotational isomerism 
did in fact occur, the ratio of the intensities of the two bands should change on raising 
the temperature, as one of the rotational isomers became favored with respect to the 
other (3, 4). While this work was in progress Simon and Seyferth (5) reported the spectra 
of a number of oxalate esters in which two strong carbonyl stretching peaks were observed 
in every compound examined. It was decided, therefore, to extend our study to the 
oxalates as well to try and distinguish between rotational isomerism and vibrational 
coupling. Bellamy and Williams (6) observed a change in the ratios of the intensities 
of the carbonyl bands due to both rotational isomers of chloroacetone, w-chloroaceto- 
phenone, and related compounds on passing from a solution in acetonitrile to one in 
carbon tetrachloride, the solvent of high dielectric constant favoring the more polar 
rotational isomers. The spectra of a few malonates and of diethyl oxalate were measured 
in both acetonitrile and in carbon tetrachloride to determine whether any such change 
in the ratio of the intensities did occur. 


EXPERIMENTAL 
Most of the malonates were commercially available and were purified just before use 
by repeated fractional distillations. Diethyl methylmalonate was obtained by heating 


1Manuscript received February 27, 1959. 
Contribution from the Chemistry Department, University of Saskatchewan, Saskatoon, Saskatchewan. 
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diethyl methyloxaloacetate (7). Diethyl and dimethyl oxalate were purified by standard 
methods. Carbon tetrachloride and acetonitrile were AnalaR grade and were redistilled 
twice just before use. 

A Perkin-Elmer model 21 double-beam spectrophotometer with sodium chloride 
optics was used for the infrared measurements. For the studies of the temperature 
effect the spectral range from 1800 to 1700 cm only was studied. For this purpose 
a Perkin-Elmer heated cell holder and horizontal cell attachment were used. The com- 
pounds were studied as liquid films. Because of evaporation each compound had to be 
studied at a different “high’”’ temperature at which evaporation was not appreciable. This 
was checked by running spectra over the same range until a temperature was reached 
at which no changes in the intensities of the bands occurred in two or more consecutive 
runs at that temperature. The spectra of the liquids were again recorded after the liquids 
were cooled to room temperature and the compounds allowed to reach equilibrium for 
about 15 minutes. The spectra were the same as before heating. Best resolution was 
observed when only a very thin film of liquid was used (maximum absorption 35-40%) 
and all spectra were run at speed 4. At higher speeds the resolution was much poorer. 
Somewhat narrower slit widths (S’ = 6.8 cm) were used than those usually used for 
ordinary qualitative runs (S’ = 7.9cm7~'), and increased resolution was thus obtained 
resulting in more bands being observed. A comparison of the number of bands observed 
at the two slit schedules is given in the discussion. The computed spectral slit width 
S’ was obtained from the mechanical slit width at 1697 cm~ using Williams’ equation 
(8a). The values of the refractive indexes of rock salt used in the calculation of the 
prism dispersion were those given in Landolt-Bérnstein. 

The solution spectra were run in compensated 0.028-mm cells, with S’ = 7.9 cm at 
1697 cm“. 

The standard abbreviations are used: (s) = strong, (m)= medium, (w) = weak, 
(vw) = very weak, (sh) = shoulder, (br) = broad. 


RESULTS AND DISCUSSION 


Malonate Esters 

The following diethyl malonate derivatives were studied: the dihydrogen-, methyl-, 
ethyl-, diethyl-, m-butyl-, ethylphenyl-, bromo-, and dibromo-malonic esters. All except 
diethyl methylmalonate had been studied by us before (1) using the Grubb—Parsons S4 
spectrophotometer with a slit schedule of 1.5mm. In nearly all cases two bands had 
been observed though it was noted that in many examples a weak shoulder was present 
at 1700-1712 cm~'. In the present study the spectra were first measured over the whole 
range (2.5-15 4) with a computed spectral slit width S’ = 7.9cm™': no bands were 
observed, overtones or combinations of which would give rise to peaks in the 1770-1700 
cm—! region. Two strong bands were observed in all cases in the carbonyl region as 
reported previously (1), though the position of these differed slightly from those given 
in the first paper. In some cases, indistinct shoulders were also observed. The shifts in 
the band maxima are attributed to different resolutions of the two instruments since 
it is now shown that the two bands observed are really compounded of at least four 
overlapping strong bands. The spectra were then examined using the heated cell and 
horizontal attachment at a computed spectral slit width S’ = 6.8cm~. The results 
obtained are summarized in Table I. 

In all examples the intensity increases or decreases are only small. In the spectrum 
of diethyl ethylmalonate, raising the temperature to 85° caused the 1753 cm~ shoulder 
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TABLE I 
yceo cm7! 
S’ = 6.8cm™ S’ = 7.9 cm™ at 30° 
Compound Low temp. (° C) High temp. (° C) 
Diethyl malonate (33°) (82°) 
1770 (sh) (mw) 1770 (c) 1758 (br) 
1748 (s) 1748 (c) 1740 (br) 
1733 (s) 1733 (c) 
1722 (s) 1722 (d) 
1710 (sh) (m) 1710 (c) 
Diethyl ethylmalonate (33°) (85°) 
1775 (sh) (vw) 1775 (sh) (i) 1750 (br) 
1753 (sh) (s) 1753 (i) \ br flat 1726 (br) 
1740 (sh)  (s) 1740 (d) maximum 
1726 (s) 1726 (d) 
1714 (sh) (m) 1714 (c) 
Diethyl m-butylmalonate (33°) (75°) 
— 1772 (w) 1750 (br) 
1750 (sh) (s) 1750 (sh) (i) 1735 
1732 (sh) (s) 1732 (c) \ br flat 
1725 (s) 1725 (d) { maximum 
1712 (sh) (m) 1712 (sh) (i) 
Diethyl ethylphenylmalonate (31°) (85°) 
1775 (sh) (vw) 1775 (sh) (i) 1750 (indistinct sh) 
1750 (sh) (m) 1750 (sh) (i) 1735 
1735 (sh)  (s) 1735 (sh) (d) 1712 (indistinct sh) 
1722 (s) 1722 (d) 
1713 (sh)  (s) 1713 (sh) (i) 
Diethyl bromomalonate (31°) (82°) 
1775 (sh) (m) 1775 (sh) (i) 1776 (indistinct sh) 
1761 (br sh) (s) 1761 (s) (i) 1761 (br sh) (s) 
1742 (s) 1742 (sh) (d) 1744 (br) (s) 
1727 (s) 1727 (d) 1730 (indistinct sh) 
1715 (sh) (w) 1715 (sh) (c) 
Diethyl dibromomalonate (33°) (84°) 
1772 (sh) (w) 1772 (sh) (i) 
1753 (s) 1753 (i) 
1742 (sh)  (s) 1742 (sh) (d) 
1727 (sh) (m) 1727 (sh) (d) 
1712 (sh) (w) 1712 (sh) (c) 





(i) = Slight increase in intensity at the higher temperature. 
(d) = Slight decrease in intensity at the higher temperature. 
(c) = Approximately constant intensity. 


to increase in intensity somewhat and the 1740 cm~ shoulder to decrease slightly in 
intensity resulting in both these bands becoming merged into one very broad flat maxi- 
mum. In the case of diethyl m-butylmalonate, raising the temperature to 75° resulted 
in an increase in the intensity of the 1750 cm~ shoulder with respect to the 1732 cm™ 
shoulder. The latter did not change in intensity but was merged in with the 1725 cm7 
band, resulting in a broad flat maximum. Barely discernible shoulders at 1750 and 
1712 cm— were observed in the spectrum of diethyl ethylphenylmalonate at 30° and 
S' = 7.9cm—. In the case of diethyl bromomalonate, raising the temperature to 82° 
caused the 1761 cm~! shoulder to become a resolved maximum while the 1742 cm 
band became a shoulder on the low frequency side of the 1761 cm band. 

It is clear that open chain malonate esters exhibit four or more bands in the carbonyl 
stretching region but that due to considerable overlap only two broad maxima can be 
observed at the slit schedules used in routine qualitative runs (1). This very complex 
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system of bands cannot arise through overlap with overtone or combination bands since 
there are no strong absorptions up to 154 which could give rise to them. The slight 
temperature dependence indicates that rotational isomerism does, in fact, occur. Here, 
unlike in the case of the a-halogenoketones (4, 6) where the more polar cis-configuration 
is stabilized both by steric repulsion and by some form of dipolar interaction between 
the halogen and the carbonyl group, the two polar groups are B- to each other and 


9 oO 

| | 

R._ —-0C:Hs R. _ A—0GHs 

~~ . 

R’ COC ails RY Da, 
OC:H; 


(1) (i) 


dipolar effects of the above type would be small. The stabilities of the two rotational 
isomers would then be governed mainly by steric considerations and, in the case of 
solutions, by solvent-solute interactions. A consideration of models indicates that steric 
interactions are similar in both forms I and II so that these should be of comparable 
stability. Rotational isomers other than the two represented here could, in theory, also 
exist. It was shown (2) that, in the absence of rotational isomerism, vibrational 
coupling can occur between two carbonyl groups B- to each other; vibrational coupling 
could occur then also in the case of the open chain malonates im each of the rota- 
tional tsomers, thus giving rise to at least four bands which would be close together 
and would overlap considerably. This is actually observed. A study of the temperature 
effect data indicates that with increasing temperature two of the bands rise somewhat 
whereas two of them fall, the 1712 cm— band remaining almost constant. This suggests 
the possibility that two of the bands are due to one rotational isomer and two to the 
other (the splitting in each case being due to vibrational coupling) and one of these 
is slightly more stable at the higher temperature than the other one is, as would be 
expected if the energy difference between the two forms were small. Due to the com- 
plexity of the spectra it doesn’t seem possible to attribute any specific bands to any 
one of the possible rotational isomers at this time. 

The spectra of diethyl n-butylmalonate and diethyl bromomalonate were also measured 
in carbon tetrachloride and in acetonitrile. Only two sharp bands were observed. Shifts 
in the positions of these bands in the two solvents were recorded: 











TABLE II 
CCl, CH;CN 
Diethyl n-butylmalonate 1760, 1743 1754, 1737 
Diethyl bromomalonate 1778, 1755 1765, 1749 





When taking into account the slight variations in Ay in the different solvents, the 
relative intensities of the two bands were very close to each other in both solvents. 
Though the data are inconclusive the two bands could presumably correspond to two 
rotational isomers if it is assumed that in the case of the malonates the polarity of the sol- 
vent has no effect on the stability of the rotational isomers. It is difficult to see, however, 
why no vibrational coupling would be observed. Such frequency shifts as are observed 
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here on passing from a less to a more polar solvent are well known (8 b). An alternative 
explanation, which involves vibrational coupling, is that each compound is present as 
a single rotational isomer in each solvent, e.g. form (I) in acetonitrile and form (II) in 
carbon tetrachloride. This would explain the appearance of only two bands. On the 
other hand (and this seems more likely), if both rotational isomers are present in solution 
then the higher of the two bands arising from coupling in one rotational form overlaps 
with the corresponding one from the other form, as also do the two lower bands. 

The dipole moments of some malonate derivatives were measured by Phalnikar (9), 
who also calculated the expected dipole moments assuming the absence of rotation of 
the carbethoxyl group about the C—C axis (as for formula I). The calculated values 
were somewhat high (e.g. diethyl malonate: peate 2.72, uons 2.54) but that author suggested 
that this could perhaps be due to induced moments. The moment of diethyl malonate 
was later measured by Jatkar and Phansalkar (10), who obtained a lower value (2.10 D 
in benzene solution) by using a new equation instead of the Onsager one. The moment 
of diethyl malonate as a pure liquid increased from 2.17 D at 31° to 2.29 D at 120° (10), 
which is consistent with our suggestion that rotational isomers exist but that the energy 
difference between them is probably small. Further, it is interesting to note that the 
moment decreased somewhat on going from the pure liquid to a benzene solution. Jatkar 
and Phansalkar explained the observed moment by assuming free rotation of the two 
esterified carboxyl groups. Rough calculations indicate that approximately equal amounts 
of forms (1) and (II) would give rise to a value for the dipole moment of diethyl malonate 
close to that reported by the above authors. Complete free rotation of the carbethoxyl 
groups is unlikely in view of the results of dipole moment measurements on mono- 
carboxylic esters (11). 


Oxalate Esters 

The infrared spectra of dimethyl and diethyl oxalate were examined for temperature 
dependence in the same way as for the malonates and with similar results. At 30° and 
S’ = 6.8 cm, diethyl oxalate exhibited the following bands: 1775 (sh), 1760 (sh), 1742, 
1733 cm—! (sh), all strong broad bands. At 71°, the 1775 cm shoulder increased in 
intensity, the 1760 cm~! shoulder became a broad rounded maximum at 1756 cm-—"', the 
1742 cm—' maximum decreased slightly in intensity becoming a shoulder, and the 1733 
cm— shoulder also decreased in intensity. The band observed at 1760 cm at 30° is 
the same as that observed at 1756 cm~ at the higher temperature, but due to consider- 
able overlap with the 1742 cm~ band is not resolved from it. As the latter decreases in 
intensity the 1756cm~ band becomes more distinct. Similar observations apply to 
dimethyl oxalate. These results contrast sharply with those of Miyazawa and Kurantani 
(12), who only reported a single C=O stretching frequency at 1730 cm for dimethyl 
oxalate, and with those of Simon and Seyferth (5), who reported two bands at 1740 
and 1765 cm (liquid film) for diethyl oxalate. At 30° and with S’ = 7.9 cm™ three 
bands were observed at 1767, 1752 (sh on 1744 band), and 1744 cm7. 

In solution, two bands only were observed: in CCl, at 1780 and 1755 cm™; in aceto- 
nitrile at 1774 at 1753 cm™. In this case, whereas the intensity of the 1755-1753 cm—! 
band remains approximately the same in both solvents (Av; practically unchanged), the 
intensity of the 1780-1774 cm band increases considerably on passing from the carbon 
tetrachloride to the acetonitrile solution, which is in contrast to the results obtained 
with the malonate esters. 

Though the temperature dependence results may be explained on the same basis as 
were the ones for the malonate esters, i.e. rotational isomerism between (III) and (IV) 
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and vibrational coupling of the two a-carbonyl groups in each rotational isomer, it is 
difficult to explain the solvent effect along those lines. That coupling is possible between 
two carbonyl groups alpha to each other is seen from the examples of cyclic a-diketones 


° 
Cc . 
OEt 
Eto” \c% ~ £- 
I c—c 
O EtO”  OEt 
(III) (IV) 


(in which no enolization is possible) studied by Leonard and Little (13). The situation 
in the case of the oxalates is akin to that in the a-chloroketones and a-chloroesters 
studied by Bellamy and co-workers (4, 6) as far as dipole-dipole interaction goes without, 
however, the steric repulsion in the trans-form (III) which makes the cis-form in the 
a-chloroketones the more stable of the two isomers. One would, therefore, expect (III) 
to be the predominant molecular species under normal conditions. Both the temperature 
dependence and the solvent effect indicate that it is not the only species present by 
any means and that its rotational isomer may be of comparable stability. Some weak 
intramolecular associative-type interaction in the pure liquid state may also be opera- 
tive. This might explain the large shift in frequency on passing from the pure liquid 
state to the solution in the non-polar carbon tetrachloride, and would imply the existence 
of rotational isomers but no vibrational coupling. (The concentration independence and 
lack of solvent effect of the infrared spectra of the malonates does not necessarily 
eliminate such a type of interaction in the pure liquid state.) Again, from the dipole 
moment of diethyl oxalate (2.06 D in benzene solution), Jatkar and Phansalkar (10) 
concluded that free rotation of the two ester groups occurs. The moment of the pure 
liquid was appreciably higher than that of the ester in benzene solution and increased, 
though less markedly than in the case of diethyl malonate, on raising the temperature, 
from 2.23 D at 24.8° to 2.27 D at 99°. No definite conclusions about the oxalates may 
be drawn from the present results, except that contrary to Bellamy’s suggestion (14) 
interaction between adjacent carbonyl groups may be appreciable. 
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SURFACE ELECTRICAL CONDUCTANCE AND ELECTROKINETIC 
POTENTIALS IN NETWORKS OF FIBROUS MATERIALS! 


C. E. MossMAN? AND S. G. MASON 


ABSTRACT 


Stream-current, permeability, and conductance measurements were made on cylindrical 
pads of randomly oriented Dacron, glass, Nylon, and Orlon fibers over a range of electrolyte 
and solid concentrations. Values of the specific surface conductivity were computed from the 
conductance data, using equations which were derived from a capillary network theory. 

The measured conductance values were independent of pad concentration, increased 
with increasing electrolyte concentration, and were higher than values calculated from 
electrical double-layer theory using the measured values of ¢-potential. A number of plausible 
reasons for the discrepancies are advanced. 


INTRODUCTION 


When a non-conducting solid is brought into contact with a dilute electrolyte, there 
is generally an increase in electrical conductivity. This increase, which is most marked 
with solids of high surface area, is usually associated with the electrical double layer 
at the solid/liquid interface and is referred to as surface conductance. It is usually 
considered to be closely related to the conventional electrokinetic effects such as electro- 
osmosis and electrophoresis. : 

The present investigation was undertaken to obtain surface conductance data for 
pads of randomly oriented fibers, as an extension of previous studies (1, 2, 3) of the 
electrokinetic properties of fibrous materials. To avoid complications, non-swelling fibers 
(Dacron, glass, Nylon, and Orlon) were used. Values of the ¢-potential were obtained 
simultaneously by the stream-current method (1, 3). 

Previous experimental work on surface conductance has been carried out using glass 
capillaries (4, 5, 6, 7), glass and other particles (8, 9, 10, 11), and cellulose fibers (12, 13). 
Wide discrepancies are apparent among the results of different workers and in only a 
few cases were {-potentials measured for the same system. Most of the investigations 
have yielded surface conductivity values considerably higher than those predicted by 
the theory outlined below. 


THEORETICAL PART 
Classical Theory 
The surface conductivity is most conveniently defined by considering a non-conducting 
cylindrical capillary tube filled with an electrolyte. The bulk liquid and the interface 
are assumed to act as conductors in parallel with a total conductance given by 








1 ark , 20rks 
[1] R’ _ L’ L’ 
1 
= L’ [ax+frs], 


where R’ is the total resistance, and 7, f, a, L’ are the radius, perimeter, cross-sectional 
area, and length of the capillary, x is the specific (volume) conductivity (mho/cm) of 
the liquid, and x, the surface conductivity (mho) of the solid/liquid interface. 
1Manuscript received March 8, 1959. : 
Contribution from Physical Chemistry Division, Pulp and Paper Research Institute of Canada, and Depart- 
ment of Chemistry, McGill University, Montreal, Que. 


2Holder of a Scholarship from the Canadian Federation of University Women, and a Studentship from the 
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A theoretical expression, based on classical diffuse double-layer theory for a plane 
interface, for x, in a capillary has been obtained by several workers (14, 15). In the 
derivation, it is assumed that the double-layer thickness is much smaller than the capillary 
radius, and that the potential ¥(x) varies in the double layer from ¢ at the surface, where 
shear motion starts, to zero in the interior of the capillary. It is also assumed that the 
electrolytes behave as ideal solutions, implying that the results will be strictly valid 
only at infinite dilution. 

The surface conductance is considered to be made up of two parts: (1) an electro- 
osmotic contribution, a result of the mass displacement of the free charge in the double 
layer; and (2) a term proportional to the mobility of the ions, arising from the fact that 
the double layer contains more counter ions than the bulk liquid. 

The complete theoretical expression for a 1-1 electrolyte may be written 


: a oe ' 
[2a] kK, = ( on [(O+ I'] 
where the electroosmotic term 

. _kTD[ | L2.)- | 
[25] O= ios | cosh RT 1 


and the excess ion mobility term 


weno fs) og) 


where the symbols have the meanings assigned in the List of Symbols (see p. 1163). 

It should be noted that, for a given solvent, O is a function of ¢, and I’ a function 
of ¢ and the ion mobilities. It is also seen from eq. [2c] that the mobility of the counter 
ion, i.e. the ion of charge opposite to that of the surface, is the more important in deter- 
mining J’. Thus when ¢ > 0, the right-hand side of eq. [2c] is determined largely by 
the term containing v_, and when ¢ < 0 by that containing v,. Similar but more compli- 
cated equations can be derived for Z,—Z_ electrolytes. It follows from eqs. [2] that x, 
depends both on the bulk ion concentration () and on the ¢-potential. 

Equation [2a] is equivalent to an expression for surface conductivity derived by 
Bikerman (14). Bikerman assumed that when measurements are made with alternating 
current there should be no electroosmosis, so that the ion-mobility term is sufficient to 
describe the surface conductance. However, none of the measurements of the effect of 
frequency upon x, support this assumption (6, 8), and a subsequent theoretical analysis 
by Rosenhead and Miller (16) has shown that the electroosmotic contribution would 
become negligible only at frequencies higher than 10 Mc per second. 

It is often assumed (12, 17) that at high ionic strengths (x,/x) — 0, i.e. that the surface 
conductance contribution to the total becomes negligible. The validity of this assumption 
can be demonstrated from the theory by assuming that when ionic strength is varied, 
the surface charge density, g, remains constant. Under these conditions, the following 


relation holds (18): 


oe i. a oe eee 
[3] sinh( 4) q tee) “—~ X (constant). 


Assuming further that the electrolyte is ideal and that 
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and combining eqs. [2a] and [4] and reducing, it follows that 


Kg 1 — , 

“= — (¢vai(0+T’)] 

where @ is a constant. It follows from eq. [3] that as m > o, sinh(et{/2kT) —0, as a 
result of which it readily follows that (0+J') +0, and hence (x,/x) — 0. 


x, in Porous Media 

To obtain x, values from the experimental conductance data for pads of fibers, it is 
necessary to obtain an equation allowing for the complex internal pore structure of the 
pad. The development given here is similar to that used by Sullivan and Hertel (19) 
and Goring and Mason (1) for describing viscous and electrokinetic flow in uniformly 
packed pads of solid particles, starting with the analogues of eq. [1] for straight cylindrical 
capillaries. 

For a single channel inclined at an angle @ to the axis of a pad of thickness L, L = 
L’ cos 6. Since the total conductance is given by the sum of the individual conductances, 
it follows from eq. [1] that: 


‘. a = Lee 


where the summation is carried out over all the pores. 


a : a cos 6 , 
The term >> py may be written as >> L where >va cos 6 = £, the geometrical 





‘pore factor’’ (1). Assuming that the distribution functions of pore size and pore orienta- 
tions are independent of one another, it follows (1) that § = Ae cos* 6, where A is the pad 
cross-sectional area and ¢ is the void fraction. Since e€ = 1— ac, where c is the solid mass 
per volume concentration of the pad and a is the specific volume of the fiber, then: 


[6] 








a __ A(l—ac) cos’ 6 
Es vee 


By similar reasoning, 
Fi ia .% ane ’ 
[7] Lr = 72. cos’ 6. UL) 


where >-(fL’) represents the total surface area of the pad. Also, since -)>(fL’) = o.c.A.L, 
where a is the specific surface per unit mass of material in the pad, the total pad con- 
ductance can be written: 

1 A= 
[8] a*F cos’ 6 [(1—ac)x«+ock,]. 
In this equation A, L, and ¢ are obtainable from the dimensions and weight of the pad, 
x and R by direct electrical measurement, and o and a@ from a liquid permeability 
measurement on the pad im situ. 





Thus to calculate «x, directly from eq. [8], the pore orientation factor cos? @ = Q 
must be known. It has been shown empirically (3) that for ionic conductance in fibrous 
pads 





(9] Q, = 0.955 «. 
Eq. [8] can thus be written 

_l-acl 1.0482 _ | 
ati ae | te =} 
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Alternately, eq. [8] may be written in terms of the pad cell constant, C (= xR): 


1 A Ks 
[11] Ee °F Q. E —ac)+oc ts] ‘ 
Let Cy be the pad cell constant at high ionic strengths when (x,/x) = 0; it follows 
from eq. [11] that 


1 A 
[12] a 2,(1—ac). 


By combining egs. [11] and [12], 2, can be eliminated and x, computed directly without 
knowledge of Q,: 


ca = (is \(259), 


[135] = ee (Co—xR). 





If the two methods are to give identical values of x,, it follows from a comparison 
of the eqs. [10] and [130] that 


4 
[14] (é) = (0.955 A)* (1—ac). 
0 
By definition x, should be independent of the pad concentration c. 


EXPERIMENTAL PART 
Matertals 
The following fibrous materials were used: 
1. Nylon: 3 denier delustered. 
2. Orlon: continuous filament. 
3. Dacron: 1.5 denier staple. 
4. Glass fiber: 0.5 u diam. staple from Glass Fibers Inc., Toledo, Ohio. 

All fibers were first chopped into short lengths in a Wiley mill and were then run 
through a Bauer—McNett classifier, the fractions between the 65- and 150-mesh screens 
being retained for use. 

The solutions used in the experiments were prepared by dilution of stock solutions 
of HCI, KCl, CaCl, and ThCl,, their exact normality being determined conductimetri- 
cally. Distilled water having a specific conductivity of 1.4X10-* mho/cm was used. 

In one series of measurements solutions of KCI in 20% (by volume) ethanol/water 
were used as electrolytes. 


Apparatus 

The high-compression cell described previously (2) was used for the permeability, 
stream-current, and conductance measurements. This arrangement permitted com- 
parison of x, values computed from the experimental data (using either eq. [10] or [13]) 
with those predicted by eq. [2] using ¢-values measured on the same system by the 
stream-current method. 

Reversible Ag—AgCl electrodes were used in the electrical measurements. These were 
chloridized less heavily than before to reduce the electrical resistance of the chloride 
layer. Electrodes prepared by anodizing silver electrodes at 1 ma/cm? for 15 minutes 
in 0.1 N HCl were quite stable, showing a slight residual potential and a small polari- 
zation effect only at high electrolyte concentrations. 
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Pad Formation 


Approximately 9 g of fiber was used to form each pad. The fibérs were first washed 
repeatedly in distilled water and then soaked overnight in 41. of a 10-l. batch of the 
electrolyte to be used. 

Pad formation and deaeration procedures were identical with those previously de- 
scribed (1, 3). The oven-dry weight of each pad was determined at the end of each 
experiment, and, together with the measured pad length L and the cross-sectional area 
A (5.00 cm?), was used to calculate the pad concentration c. 


Surface Conductance Measurements 

A complete measurement consisted of measuring R, the resistance of the pad, over 
a series of pad lengths L at each electrolyte concentration. The specific bulk conductivity 
x of each solution was determined using a calibrated conductivity cell placed in the 
system in series with the high-compression cell. The correction for the specific conduc- 
tivity of the distilled water was negligible except in very dilute solutions. L was measured 
to 0.001 cm with a travelling microscope. After compressing the pad in a series of steps, 
it was possible to expand it to almost its original length for measurements at the next 
electrolyte concentration by releasing the pressure in the electrodes and streaming some 
of the electrolyte solution through the cell. 

No solution was streamed through the pad during the resistance measurements, 
although separate experiments revealed no perceptible difference caused by slow stream- 
ing of the solution under constant pressure. However, if the solution were streamed 
rapidly through the system, there was a risk of the equilibrium being disturbed by 
changes in temperature. 

Resistances were measured with a Jones Conductivity Bridge using a Hewlitt—Packard 
audio-oscillator as a source of 1000 c.p.s. alternating current and a cathode-ray oscillo- 
scope as null-point detector. It was established that the resistances measured at this 
frequency were the same as the d-c. values, so that there was no low-frequency dispersion 
effect which was previously observed (20, 21) with fibers swollen by the liquid medium. 


Stream-current and Permeability Measurements 

By measuring the stream-current function (JnL/pD) over a range of pad concentra- 
tions, ¢ was calculated at each electrolyte concentration from the semiempirical equation 
(ref. 3) expressing the variation of stream current with c: 


2/5 2/5 
ts [se] [af an, 


using the intercept method, and assuming b = 1. Typical rectilinear plots of stream- 
current data are shown in Fig. 1. 
Permeability measurements were made on several pads of each material to obtain 


values of a and the specific surface o. The rectilinear form of the Kozeny—Carman 
equation (ref. 3) 


(16) | (Key = eS, 


where K is the measured permeability coefficient, was used for this purpose. 








RESULTS 
Measurement of x, 


Representative plots of the variation of the pad cell constant C with electrolyte 
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Fic. 1. Rectilinear stream-current — pad concentration plots for Dacron in 7.08107, 1.32X10-4, 
3.63 X107!, 2.441073, 3.50X10-3 M CaCl, (lines 1 to 5 respectively). 





concentration are shown in Fig. 2 for three concentrations of the same pad; in each case 
C increased with increasing ionic strength until the plateau value Cy was reached. For 
the data illustrated in Fig. 2, the surface conductance represented a maximum of about 
30% of the total conductance. 
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Fic. 2. Pad cell constant versus electrolyte concentration for a pad of Dacron—KCl, at pad concen- 
trations of 0.453, 0.362, and 0.279 g/cc (curves 1 to 3 respectively). As expected from earlier considerations 
(3), Co decreased with increasing pad concentration over this range of void fractions. 


Values of x, could be calculated from the experimental data using either eq. [10] or 
[13]. As already pointed out, however, the equations will yield identical results if eq. 
[14] is satisfied, as was established previously (3). Further confirmation of eq. [14] has 
been provided by the present data, as is illustrated by the typical linear plots of 
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(L/Co)!/2 vs. c shown in Fig. 3. Extrapolation of the lines yields c-intercepts which give 
a values in excellent agreement with those provided by the rectilinear plots of stream- 
current and permeability data using eqs. [15] and [16]. An exception was glass, which 
could not be compressed to values of € sufficiently low (<_0.8) for eqs. [15] and [16] to 
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Fic. 3. Rectilinear plots of (Z/Co)!’? versus ¢ for glass, Dacron, Nylon, and Orlon at high concentrations 
of KCI when (xs/x) = 0 (curves 1 to 4 respectively). , 


be” completely valid. Nevertheless, the conductance plot (Fig. 2) remained linear to 
void fractions as high as 0.96; the value of a for the glass fiber obtained from Fig. 3 by 
the intercept method was 0.39 cc/g, which is in good agreement with the specific volume 
of 0.40 cc/g. Thus eqs. [9] and [14] apply over a much wider range of void fractions 


than eqs. [15] and [16] (3). The values of o and a used to compute x, are summarized 
in. Table I. 


TABLE I 


Constants for various fibers 











Material a, cc/g o, cm?/g 
Orlon 1.05 3,500 
Dacron 0.75 2,860 
Nylon 0.96 2,030 
Glass 0.39* 32,000t 





*From conductivity plot only. Other a's from 
permeability, stream current, and conductivity. 
tEstimated. 


Equation [13] was generally used to calculate x,, since it was found to yield less scatter, 
and because it involved no assumptions as to the variation of Q with e. 

At a given electrolyte concentration, x, should be independent of the pad concen- 
tration c. This condition was generally fulfilled and is illustrated by the typical plots 
shown in Fig. 4. However, because of the decreased sensitivity of the method at high 
electrolyte concentrations when C approached Co, the scatter in x, tended to increase. In 
reporting x,, the mean value over a range of pad concentrations was calculated. 


Variation of x, with Electrolyte Concentration 
The increase in x, with increasing electrolyte concentration for Dacron—KCl is shown 
in Fig. 5 for four different pads; it is seen that the results were reproducible. Similar 
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Fic. 4. Experimental values of x, at various pad concentrations for Orlon and 5.1 X10~*, 8.5X10-5, 
1.3X10-4, and 9.6X10-4 N KCI (lowest to uppermost curves respectively). Note increasing scatter at 
higher electrolyte concentrations. 
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Fic. 5. Reproducibility of x, for five different pads of Dacron at various concentrations of KCI. 





results were obtained for Dacron—-HCl, Dacron-ThCl,, Dacron—KCl (in 20% ethanol), 
Orlon—KCl, Nylon—KCl, and glass-KCl. In the system Dacron—CaCl», x, increased to 
a plateau value. 

A summary of the data, including measured values of ¢ and values of x, calculated 
from eq. [2] using the measured values of ¢ and the literature values of the other para- 
meters, is given in Table II. It is interesting to note that at low concentrations of KCl, 
¢ passed through a maximum and then decreased with increasing electrolyte con- 
centration; this effect was almost negligible in measurements with HCl, while no maximum 
was observed with CaCl». This type of behavior has been observed before with various 
solid systems (23, 24, 25). 
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TABLE II 


Summary of x, and ¢ measurements 











Experi- Experi- Theoretical 
mental ¢ mental ks, Ks Yo 
Electrolyte eq. [15], mho eq. [2], eq. [17], 107.5, 107. x(¢), 
System molarity mv x< 101° mho X10! mv cm cm 
Dacron-KCl 3.3X10° —74.0 5.35 0.95 
4.4X10-4 76.4 17.5 3.65 —156 14.5 5.3 
4.7X10-4 77.2 18.5 3.95 156 14.0 5.0 
8.9X10-4 71.2 23.0 4.35 151 10.2 4.1 
1.0X10-% 58.5 23.8 3.05 150 9.6 5.4 
4.3X10-3 45.5 38.0 3.65 140 4.6 3.5 
Dacron-KCl 4.2x10-> —108 2.10 1.00 —140 44.4 5.1 
in 4.5X10-5 101 2.40 0.90 146 42.8 7.8 
ethanol/water 8.91075 101 3.60 1.30 148 30.4 §.1 
3.2X10-4 100 4.80 2.40 — — 
Dacron-HCl 1.6X10° —58.5 2.40 1.80 —69 76.1 10.0 
6.9X10-5 46.6 5.30 2.60 72 36.5 13.1 
2.3X10- 31.0 15.5 2.55 91 19.8 17.6 
1.0X10-% 15.5 30.2 2.05 89 9.6 14.7 
Dacron-CaCl, 7.1X10% —853.0 7.5 3.9 —70 14.7 1.9 
1.3X10~ 47.0 11.1 3.8 73 10.8 2.3 
1.6X10-4 45.6 11.5 3.8 72 2.7 2.2 
. 3.6X10-4 38.2 12.6 3.8 66 6.5 2.0 
Dacron-ThCl, 1.4X10-* +10 0.38 0.15 . 
5.8X10-6§ 35 1.65 0.20 
8.8xX10-° 53 2.62 0.38 
1.4X10-5 65 4.3 0.7 
2.5X10-5 68 10.5 1.0 
4.4X10-5 68 17.1 1.4 
1.8X10~* 55 48.7 2.0 
3.7X10-4 47 81.2 2.5 
Orlon-KCl 5.1X10° —-—85l 12.3 - 0.50 
8.5X10-5 58 15.3 0.90 
1.3X10- 63 20.0 1.3 
4.91074 65 35.0 2.7 —187 13.7 7.2 
9.6X10-4 56 35.1 2.7 171 9.8 6.2 
4.6X10-3 37 49.0 2.5 151 4.5 4.3 
Nylon-KCl 3.4X10 -—52 4.4 0.44 
8.5X10-5 52 3.0 0.68 
2.3X10-* 48 3.8 0.95 
4.4X10-4 43 4.8 1.03 
Nylon-HCl 1.9X10-° —33 6.7 0.80 —109 69.5 63.4 
4.11075 10.4 
1.010 20 17.1 0.93 —114 30.0 42.5 
1.4X10-4 16 18.4 1.06 109 25.2 41.2 
3.6X10-4 8.9 21.5 0.70 
Glass-KCl 5.1X10 —81 14.5 1.5 
4.2X10-3 60 45 6.7 





In the KCI systems, for which vx+ = vqi- approximately, calculations show that the 
excess ion contribution J’ is about twice O. With HCl, J’ is approximately 10 XO as the 
result of the high mobility of Ht. 

When comparisons can be made, the x, values are in fair agreement with results 
reported by other workers. For example, Hirschler (9) obtained a value of 3.49 10-® 
mho for glass spheres in 10-* N KCl, while McBain et al. (4) reported a value of 
4.3X10-*§ mho for a glass surface in contact with the same concentration of KCl. 

According to eq. [2], x, = 0 when ¢ = 0. Experiments were undertaken using multi- 
valent cations such as Ce**, Al**, and Th*t (as chlorides) in an attempt to pass 
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continuously from the normally negative ¢-potential to the positive value. Unfortunately, 
in each case charge reversal occurred at too low an electrolyte concentration to permit 
satisfactory conductance measurements near ¢ = 0. Previous workers (13, 26) showed 
that x, of cellulose and glass passed through a minimum at the point of charge reversal 
by Th**. In the present experiments Dacron became positively charged at 310-7 M 
ThCl,; as with the negatively charged systems, x, increased with increasing electrolyte 
concentration. 

Without exception the x, values from the experimental data were higher than the 
corresponding theoretical values, the discrepancy becoming more marked as the electro- 
lyte concentration was increased. This is in accord with the experience of other workers, 
although they are somewhat greater than those recently found by Street (11) using 
kaolinite suspensions. 


DISCUSSION 


There are a number of plausible reasons for the discrepancies between measured and 
theoretical values of «,. Without going into the reasons in detail, we may summarize 
them as follows: 

1. The value of o may be too low, thus yielding incorrectly high ‘experimental’ values 
of x,. The specific surface measured by the liquid permeability method is more properly 
designated the ‘‘hydrodynamic surface’’ (27), since it measures the area of the envelope 
of the “hydrodynamic volume’’. Because of surface roughness and other irregularities 
in which liquid may be immobilized the correct surface area to be used in eqs. [10] and 
[13] may be considerably higher than given by eq. [16]. It may be significant that Street 
used B.E.T. surface areas (based on nitrogen adsorption) in his measurements on kao- 
linite and which yielded somewhat better agreement of «, with theory than reported 
here (11). 

2. In calculating x, from the experimental data it is assumed that the appropriate 
pore orientation factor is Q,, the factor for bulk conductance. The correct factor may 
instead be Q; = (1—ac)*”, the factor for electrokinetic flow (3). Analysis shows that 
if this is so, the x, values of eqs. [10] and [13] would be increased by the factor 0.955/b~/e, 
which varies with c. Since 6b < 1 but is otherwise unknown (see below) it is not possible 
to estimate the magnitude of the effect except that the true x, would be increased. Thus 
there is some doubt of the validity of the capillary network equations, e.g. eq. [5], as 
has been discussed elsewhere (3). 

3. The values of ¢ used to calculate x, from eq. [2] are those calculated from the 
stream-current measurements using eq. [15] and assuming that 6 = 1. It has been 
pointed out, however, that probably 6 < 1 (3), so that the ¢-values used are probably 
too low. If the experimental values of x, listed in Table II are inserted into eq. [2] to 
calculate values of ¢ necessary for the theory to hold, it is found that they are 2 to 10 
times the values of ¢ given in the same table, corresponding to values of b varying 
from 1/10 to 1/2. Since 6 must be constant, this cannot be the whole explanation. 

4. In addition to invalidating eq. [16] for calculating ¢ as mentioned above, surface 
roughness may require modification of eq. [2]. If electrokinetic flow in the inner portion 
of the diffuse layer is hindered by irregularities in the surface, it is evident that ¢ < yo, 
where Yo is the potential at the surface. While the electroosmotic flow may be hindered, 
the excess ion contribution may be unaffected by surface roughness. Equation [2] should 
then become 


4 
[17] c= (BHD) tow + ro 
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thus yielding greater values of x,. Table II shows a number of values of Yo calculated 
by means of eq. [17] using values of ¢ and «x, from the same table. The values do not 
show any marked variation with electrolyte concentration. On this basis it is possible 
to estimate the magnitude of the surface roughness. 

In classical double-layer theory the potential at any point in the double layer of a 
1—1 electrolyte is expressed as a function of distance x from the solid surface as follows: 


[exp(ey /2kT)+1][exp(epo/2kT) —1] 


18) _ [exp(ew/2kT) —1]fexp(e~o/2kT7)+1] © 





O18 


Here 6 is the effective thickness of the double layer (= (3.03 K 10-8 cm) /+/(ionic strength) 
for aqueous solutions at 25° C). By substituting ¢ = y in eq. [18] it is possible to calcu- 
late x(¢) the distance from the solid surface where y = Yo to the electrokinetic slipping 
plane where y = ¢. Thus x(f¢) is the thickness of the hydrodynamically immobilized 
layer. Values are included in Table II where they may be compared with 6. Bikerman 
(28) and Eversole and Lahr (29) estimate values of 10-* to 10-7 cm as the magnitude 
of surface irregularities for ‘‘smooth’’ surfaces. which is the same order as x(¢). The 
fact that x(¢) is not constant for a given solid (e.g. Dacron) in the presence of various 
electrolytes indicates that this explanation, although reasonable, cannot account com- 
pletely for the discrepancies. 

Other possible reasons are (i) deviations from the ideal ion conductance eq. [4] at the 
high counter ion concentrations in the inner part of the double layer, (ii) the effect of 
adsorbed (i.e. Stern layer (30)) ions, and (iii) immobilization of the water by dielectric 
saturation in that part of the double layer where the electrical field strength is high (in 
excess of 10° volts/cm (31)); the effect of this on Wo and «x, is strictly analogous to that 
of immobilization by surface asperities as considered above. 

It must be concluded that the theory of surface conductance has not been established. 
Evidently more precise and less equivocal measurements on better defined and smooth 
solids are required for clarification of the phenomena. In the light of the tentative 
explanations which have been advanced above, however, it is possible that additional 
studies of surface conductance may throw valuable light on the structure of the electrical 
double layer. 


| 


LIST OF SYMBOLS 


a, A = cross-sectional area of capillary and pad (cm’), 

proportionality constant in stream-current equation, 

= pad concentration (g cm~*), 

C, Co = pad cell constant (cm~') with and without surface conductance contribution, 
= dielectric constant of solvent, 

= electronic charge, 

= perimeter of pore, 

= stream current (ya), 

= ion-mobility term in surface conductance equation (cm*”? g~!”), 
permeability coefficient (cm), 

= Boltzmann constant (ergs deg™'), 

= length of capillary, pad (cm), 

= electrolyte concentration (ions cm~*), 

= electroosmotic term in surface conductance equation (cm*” g-!/?), 

= applied pressure (dynes cm~), 

= surface charge density (e.s.u. cm7’), 
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r = radius of capillary (cm), 
R’, R = electrical resistance of capillary and pad (ohms), 
T = absolute temperature (deg), 
v4, = ion mobilities (g-! cm*”), 
x = distance from solid surface (cm), 
a = specific volume of fiber (cm* g~"), 
6 = equivalent thickness of double layer (cm), 
1—ac = void fraction of pad, 
o = specific surface of fiber (cm? g~'), 
n = viscosity of liquid (poises), 
6 = pore orientation with respect to axis of pad, 
y¥ = electrical potential in double layer (mv), 
¢ = zeta-potential, 
x = specific bulk conductivity of electrolyte (mho cm~'), 
ks = specific surface conductivity (mho), 
\ = equivalent conductance (mho cm? per ion), 


Q., Qy = pore orientation factors for ion conductance and electrokinetic flow. 
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DISPROPORTIONATION AND RECOMBINATION OF CYANISOPROPYL 
RADICALS 


REARRANGEMENT OF DIMETHYLKETENECYANISOPROPYLIMINE 
TO TETRAMETHYLSUCCINODINITRILE! 


M. TALAtT-ERBEN AND A. N. ISFENDIYAROGLU 


ABSTRACT 


Evidence is presented that the ketenimine intermediate formed in the thermal decomposition 
of azo-bis-isobutyronitrile (AIBN) rearranges quantitatively to tetramethylsuccinodinitrile 
(TMSDN), mainly by a molecular mechanism. Interpretation of experimental data on the 
basis of a reaction scheme consistent with the nature of the main products and the features 
of the kinetics of the decomposition permits estimation, by means of a simple diagram, of the 
extent of disproportionation, as well as that of the normal and abnormal recombination of 
cyanisopropyl! radicals. The result obtained for the latter is in good agreement with that 
determined previously by an alternative method. The analysis does not exclude absolutely 
the possibility of side reactions in which the azo-compound partly decomposes by a molecular 
process, and the intermediate decomposes into free radicals. However, it is concluded that 
these side reactions, if any, must be of minor importance. 


INTRODUCTION 


A recent work by the present authors (7) has shown that as much as 55% of the initial 
recombination of cyanisopropyl radicals is to dimethylketenecyanisopropylimine, an 
unstable intermediate detected by Talat-Erben and Bywater (6). On the other hand, 
Bickel and Waters (3) have isolated amounts of the normal dimer, TMSDN, which 
correspond to an 84% radical recombination. These two results would be compatible 
only if part of the dinitrile is a transformation product of the intermediate. There are 
other observations which support this conclusion: The oily fraction, isolated by Talat- 
Erben and Bywater (6), which contained the ketenimine in a high concentration, slowly 
deposited TMSDN crystals when left standing, and in an attempt to purify the oil by 
chromatography, using aluminum oxide as absorbent, these authors obtained a high yield 
of dinitrile, and none of ketenimine. Moreover, the slope of the experimental curve 
reported by Bevington (1) for the formation of TMSDN as a function of conversion is 
not constant during decomposition as would be expected for a product forming solely 
at the expense of the free radicals; instead, the curve presents a marked convexity towards 
the conversion axis, which must indicate that a noticeable fraction of the dinitrile is 
produced from a precursor other than the free radicals.* Therefore, it would be of interest 
to reconsider the reaction scheme proposed in reference (6), in which the stable products 
of decomposition of the intermediate would now have to be specified as TMSDN. The 
reaction scheme under consideration is the following: 


R- + R- ~ TMSDN (Re) 
{1] R- + R- — Intermediate (k3) 
Intermediate — TMSDN (Ri) 
R- + R- —~ ISBN + MAN. (R4) 


1Manuscript received March 4, 1959. 

Contribution from the Faculty of Mining Engineering, Technical University of Istanbul, Istanbul, Turkey. 

*It is interesting to note that Bevington (1), who ignored the intermediate, considering the shape of this curve, 
came to the conclusion that the percentage of free radical disproportionation decreases as the decomposition 
proceeds. However, it will be seen that disproportionation, and recombination as well, remain constant in the 
whole course of the reaction; the apparent decrease of the former (or the apparent increase of the latter) can be 
accounted for by the intermediate rearranging to the dinitrile, as suggested quite properly by Walling (8). 
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The rate constant for the decay of intermediate has been taken equal to the rate constant 
of decomposition of the azo-compound in accordance with the features of the kinetics 
(6). The radical disproportionation products, isobutyronitrile and methacrylonitrile, 
are denoted as ISBN and MAN respectively. 

Integration of the rate equations using the steady-state hypothesis and proper bound- 
ary conditions gives for the intermediate the same relations as those of reference (6). 
In addition, the following relation is obtained between the concentration D of the dinitrile 
and the time: 


D ___ i ks st 
Ay—A RotRstky Rotkst+hs eu] 





[2] i— 


where Ay and A are the initial concentration and the concentration at any time of 
azo-compound, respectively. It is seen that if the expressions k,t/(exp kit—1) and 1—D/ 
(A o—A) are taken as the abscissa and ordinates, respectively, the experimental points 
will define a straight line, whose slope and ordinate at the origin will be numerically 
equal to the extent of the abnormal recombination and that of disproportionation, 
respectively. 

Bevington (1) has measured the amounts of TMSDN formed at various stages of the 
decomposition of 1 mg of AIBN at 60° C, using C''-labelled azo-compound. Bevington’s 
results may be used to check [2] for this particular temperature. Inspection of [2] shows 
that the slope and the ordinate at the origin of the straight line are exclusive functions of 
rate constants of free radical recombination reactions; it follows that these geometrical 
elements must be temperature-independent, owing to the very low activation energies 
associated with reactions of this kind. To check this, measurements have been carried 
out at a different temperature, namely 80° C, under the experimental conditions de- 
scribed below. 


EXPERIMENTAL 

The azo-compound* (Westville Laboratories, Monroe, Connecticut) was recrystallized 
from benzene; m.p. 102° C decomp. The thermal decomposition was carried out at 80° 
in toluene (C.P.), in a thermostat controlled to about 0.1°, under a stream of purified 
nitrogen, with continual shaking. Azo-compound (1.6 to 1.8 g) was decomposed in 50 cc 
of toluene. At the end of a definite reaction time the solution was cooled quickly to stop 
the reaction, and transferred quantitatively into a separatory funnel. Fifty cubic centi- 
meters of 1 N HCl were added, and the two phases were stirred vigorously for at least 
20 minutes in order to hydrolyze the ketenimine present in, and remove its hydrolytic 
products from, the toluene solution. This operation of removal of the ketenimine was 
repeated at least three times with fresh portions of HCI. Then, the toluene layer was taken 
quantitatively in a weighed crystallization dish, and the solvent evaporated to constant 
weight under an air current provided by the fan of a fume hood, the window of which was 
kept low enough to maintain an efficient air flow. Under these conditions the residue 
must consist of a mixture of the undecomposed AIBN and TMSDN formed, ignoring 
minor amounts of 2,3,5-trimethyl-2,3,5-tricyanohexane identified by Bickel and Waters 
(3). ISBN and MAN (both low boiling point liquids) escape along with toluene. The 
sublimation of TMSDN was studied by using an authentic sample of this compound. 
It was found that a 4-hour prolongation of the drying period, under the same conditions, 
caused only about 1% loss of weight. The undecomposed amount of AIBN was calculated, 


*Kindly supplied by Dr. S. Bywater of the National Research Council of Canada. 
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using the value 1.55 10~ sec for the rate constant of decomposition at 80° (6). This 
was subtracted from the weight of the residue to obtain that of TMSDN formed at the 
particular reaction time. 

RESULTS AND DISCUSSION 


Experiments were performed at 80° with reaction times of 60, 90, 120, 150, 240, and 
900 minutes. The amounts of TMSDN found are given in Fig. 1 (circles), where Beving- 
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% CONVERSION (€) 


Fic. 1. Moles of TMSDN (upper curve) and ketenimine intermediate (lower curve), present at various 
stages of the decomposition of 1 mole of AIBN. Circles: Data at 80°; squares: Bevington’'s (1) results at 
60°. The fact that the ordinates of the two curves add up to give a straight line signifies that the inter- 
mediate decays quantitatively to TMSDN, and that this decay is almost exclusively a molecular process. 


ton’s (1) data (squares) at 60° are also quoted. Both sets of points fall nearly on thesame 
curve, as the equation 

D un ko+k; k; 
3] eb ks th, 





= ae € 1—e) In (l—e 

Ay ~ Bat hsths ees 

requires (e is the extent of decomposition). In Fig. 1 the curve for the intermediate, 
reported in reference (7), whose equation in terms of ¢ is: 


(4] a here 


has also been given. 

It is seen that the curve (D/Ao)+(J/Ao) versus € must be a straight line if scheme 
[1] applies. The sums of the ordinates of the two experimental curves at e = 0.20, 0.40, 
0.60, 0.80, and 0.90 are also indicated on the same diagram (points marked X); it is 
seen that they lie along a straight line, quite satisfactorily. This would be the case only if 
the intermediate decays quantitatively to TMSDN. In fact, it is only in this case that 
the absolute value of I/A o and that of the second term on the right-hand side of [3] are 
equal, and eliminate each other leaving only the linear term in e. This is simply a require- 
ment of the material conservation. The ordinate of the straight line at « = 1, which 
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must measure the total fraction of recombination, is found to be 0.84, in excellent agree- 
ment with Bickel and Waters (3). Furthermore, the intersection of the two curves, which 
occurs at e = 0.42, gives for the ratio k2/k3 the value 0.50, which means that the extent 
of the abnormal recombination of the radicals is twice their normal recombination; 
this unexpected result can also be seen on Fig. 2. The sum and the ratio of the extent of 
the two recombinations being now known, their individual values can be calculated as 
0.28 and 0.56; the former is in good agreement with the value obtained by an alternative 
method without making use of the curve for the intermediate (Fig. 2). 
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Fic. 2. Graphical estimation of the extent of the normal and abnormal recombination, and dispro 
portionation. The quantity 1—D/(Ao—A) may be called the “apparent” extent of disproportionation; it 
decreases during decomposition, the true one, k4/(k2+k3+,), remaining constant. 


As it has already been pointed out, another implication of our reaction scheme is that 
a plot of 1—D/(Ao— A) versus k,t/(exp kit— 1) has to be a straight line, irrespective of the 
constant temperature at which the amounts D and A are measured. This is shown to be the 
case in Fig. 2, using again both Bevington’s (1) data at 60° and the results of the present 
work at 80°. It is seen that the slope of the best line gives for the extent of the abnormal 
recombination the value 0.56, which is in good agreement with that of reference (7). 

We have worked out a number of reaction schemes resulting from suitable modifications 
applied to the one under consideration, in such a way as to make it possible to check 
some conclusions reached by various authors. For example, Roy et al. (5) suggest that 
the path through the ketenimine intermediate does not involve free radicals. A simple 
calculation shows that in this case the slope of the straight line of Fig. 2 will be equal to 
the fraction of AIBN which decomposes molecularly; but, the existing data on the 
catalyst efficiency of AIBN in styrene and methyl methacrylate polymerization, namely 
60% between 30° and 80° (see Tobolsky, A. V. Ann. Rev. Phys. Chem. 7, 175 (1956), and 
references given therein), set a limit of 0.40 for the highest possible value of the slope, 
which would be clearly distinguishable from the observed value of 0.56. This excludes 
a reaction scheme in which the intermediate is assumed to have a non-radical precursor, 
although such a scheme would exhibit kinetic features similar to those of the mechanism 
under consideration. On the other hand, Bevington’s (2) conclusion that part of the azo- 
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compound decomposes by a molecular mechanism would be inconsistent with the 
properties of the diagrams presented herein, unless the extent of such a decomposition is 
negligible. In the same way, it can be shown that a reaction scheme in which it is postu- 
lated that at least a fraction of the ketenimine intermediate regenerates cyanisopropyl 
free radicals, as claimed by Hammond (4), cannot be maintained, unless this fraction is 
negligibly small. In fact, let P denote disproportionation products, J intermediate, D 
dimer, e extent of decomposition. The equation Ase = 1+ D-+ P is true for any mechanism 
involving an intermediate by any path of formation and decomposition. Now, if the 
intermediate, which is formed in large quantities, decays to form free radicals, P/ A» and 
hence (J/Ao)+(D/Ao) cannot be linear in e. Thus, a free radical successor for the inter- 
mediate should also be excluded. 


NOTE ADDED IN PROOF 


Dr. S. Bywater has kindly drawn our attention to a recent work by Keys, R. T. and 
Hammond, G.S. Dissertation Abstr. February, 1934 (1959), in which the authors use 
the ketenimine as initiator in the polymerization of styrene. This may at first sight seem 
contradictory to the conclusion reached in the present paper that the ketenimine decays 
molecularly. However, their results indicate that the catalyst efficiency of this compound 
changes with monomer concentration, and they advance the explanation that ‘‘the 
monomer may complex with the radicals from the decomposition of the initiator thereby 
to decrease the importance of cage effects’. This means that the smaller the monomer 
concentration the larger the cage effects. Then, in the limiting case of the complete 
absence of monomer, which is the case in our experiments, the ‘‘cage effect’’ (one could 
rather say ‘‘the intramolecular recombination of the two radicals’’ instead) is predominant. 
Thus, in the decay of intermediate in a non-reactive solvent there is no noticeable forma- 
tion of “free’’ radicals, so that the process exhibits the characteristics of an almost ex- 
clusively molecular decomposition. 
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THE PHASE DIAGRAM OF THE SYSTEM Na;AlIF,—Na.SO, 
AND 

THE DISSOCIATION OF THE CRYOLITE ANION IN MOLTEN SODIUM 

SULPHATE':? 


Kat GRJOTHEIM, TOR HALVORSEN, AND SIGMUND URNEs* 


ABSTRACT 


The binary system Na;AIF.—NazSO, has been investigated. A eutectic point was found 
at 91 mole % Na2SO,y. On the Na;AIF¢ side of the diagram extensive solid solution was 
found. No solid solution was observed on the NazSQ, side, either by thermal analysis or 
by Debye-Scherrer diagrams. The freezing point depression of Na2SO, caused by additions 
of Na;AIF. has been used to evaluate the dissociation scheme of the cryolite anion in a 
sodium sulphate melt. The calculations favor the following scheme: 


AIF,°- => AIF, ot > ae 


INTRODUCTION 


Current interest (1, 2) in the structure of molten cryolite has led to the examination 
of some binary systems containing cryolite. Assuming ideal ionic mixtures, the phase 
diagrams of these systems may be used for calculations of the dissociation of the cryolite 
anion. For this purpose, systems without solid solutions but with ions sufficiently similar 
to justify the assumption of ideal ionic mixtures (3) were chosen. 

The first system to be studied was Na2SO,-Na;AlF¢. 


EXPERIMENTAL 


The experimental techniques involved in the present study have been described in 
previous papers from this Institute (1, 4, 5, 6, 7). 

The investigation was mainly undertaken by careful recording of cooling curves. How- 
ever, for the determination of the solidus curve the method of Flood and Seltveit (4) 
was used. By this method, a very small amount is added of a third, radioactive com- 
ponent which is soluble in the liquid, but insoluble in the solid phase. For these experi- 
ments Cs'** in the form of the chloride was used as a tracer. 

The reagents used were sodium sulphate from Merck (Darmstadt, Germany) chemically 
pure quality, and hand-picked crystals of cryolite from Ivigtut, Greenland. 

Some of the experimental data are given in Table I, and the phase diagram is shown 
in Fig. 1. The eutectic mixture contains 91 mole % NazSO,y. The maximum amount of 
Na2SO, that can be taken in solid solution by Na;AlF¢x is 80 mole %. 

No solution of Na;AIF, in solid Na2SO, was detected, either by thermal analysis or 
by Debye-Scherrer diagrams made on the samples. 


ON THE DISSOCIATION OF CRYOLITE 


Structural Models for the Melt and Method of Calculation 
Structural interpretations of the liquidus line in systems without solid solubility seem 
in many cases to give information of considerable value (2). 


‘Manuscript received in original form November 25, 1958, and, as revised, March 23, 1959. 

2This work is based on a thesis by Tor Halvorsen submitted to The Technical University of Norway in 1956 
in partial fulfillment of requirements for the degree Sivilingentor. 

3 Present address: The Royal Norwegian Council for Scientific and Industrial Research, Institute of Silicate 
Science, The Technical University of Norway, Trondheim, Norway. : 
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TABLE I 


Experimental data on the Na2SO, side of the system 
Na;AIF.-Na2SO, 




















Observed, ° C 
Mole First 
fractions, crystal- Eutectic 
No. Naso, lization temperature 
1 1.0000 884.1 
2 0.9882 867 .6 
3 0.9755 852.8 796 .6 
4 0.9561 834.7 798.1 
5 0.9453 825.5 798.1 
6 0.9244 807 .2 796.8 
7 0.9087 798.6 798 .6 
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Fic. 1. The system Na3AlFs-Na2SO;. O Liquidus line and eutectic line determined by thermal 
analysis. ® Solidus line determined with Cs!-tracer by high-temperature filtration. 


Investigations by different methods of several binary salt systems with sodium 
sulphate have by now fairly well established that pure molten sodium sulphate is com- 
posed of sodium cations and anions of the sulphate group (6). A review of structural 
models with corresponding dissociation schemes for pure molten cryolite is given in a 
previous paper (2). 

In the following, the correctness of the most probable of these models will be tested 
by comparing the calorimetrically determined heat of fusion of sodium sulphate with 
the heats of fusion that can.be evaluated according to the different models from the 
freezing point depression data of sodium sulphate caused by cryolite additions. 

The following two dissociation schemes for the cryolite anion will be considered: 


AIF.- = AIF, + 2F- 
AIF,?- = Al** + 6F-. 


The first one will be quantitatively treated here both for complete and part dissocia- 
tion. The last one has only been considered for the complete dissociation. 





1172 CANADIAN JOURNAL OF CHEMISTRY. VOL. 37, 1959 


The equations used in the calculations are well known in classical physical chemistry, 
but they will be briefly reviewed. 

The liquidus line on the sulphate side of the phase diagram gives the composition 
of the liquid phase which is in equilibrium with pure solid sodium sulphate at the tem- 
perature 7. The partial free energy of sodium sulphate in the liquid, referred to pure 
liquid sodium sulphate at the same temperature as the standard state, is given by the 
following equation: 


[1] A Faso. = AH xa:so1— TASwes80 ra —AH,1 = (T/T»)] 


where 7°) is the melting point of pure sodium sulphate and AH, is the heat of fusion. (In 
obtaining these equations the difference in the specific heat between the solid and liquid 
sodium sulphate is as usual (8) neglected, because of its small influence.) 

In this case we are dealing with mixtures high in sodium sulphate, so we will neglect 
the energy term in the free energy equation. Equation [1] is thus reduced to 


[2] TB Seene = AH, {1 ae (T/T>)). 


In the following we will use Temkin’s model (3) of fused salts to evaluate the 
expression for \ Tn 

The Temkin model can be summarized as follows: 

1. The entropy of mixing is entirely configurational. 

2. There are two sets of positions in the salt melts, one for the cations and one for the 
anions. 

3. The cations and the anions are randomly distributed over all the cation and anion 
positions regardless of the magnitude of the charges. 
According to this, the partial entropy of sodium sulphate is given by: 


[3] ASwa280 = —Rln (N?yat . Ngo,2-) 


where Nya+ and Ngo,2- are the cation and anion fractions. These ionic fractions will 
depend on what structural models are chosen for the cryolite anion in the molten mixture. 

Plotting In (N?ya+ . Ngo,2-) as a function of 1/T should give a straight line in the 
region where AHy,,s0, can be neglected. The slope of this line should correspond to 
the calorimetrically determined heat of fusion of sodium sulphate (9). In this way 
a means is provided to distinguish between different structural models. 


RESULTS 
If the cryolite anion does not dissociate in the sulphate melt, the ionic fractions of 


sodium sulphate will be: 
Nnat = 1 


Nsgou- = Myi42804/ (MNa2s04t MNasaiFs) 


where Myarso, ANd Myazair, are the molar amounts of sodium sulphate and cryolite in 
the melt. 

Plotting for this model In (N*ya+ . Ngo,2-) = In Ngo,y2- against 1/T gives a heat of 
fusion around 1900 cal/mole as shown by the dashed line in Fig. 2. 

Assuming that the cryolite anion dissociates completely into AIF, ions and fluoride 
ions, we get these expressions for the ionic fractions: 


Nyat = 1 


Ng0.2- = My a2804/ (MNa2304 + 3MNaz alFs)> 
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Fic. 2. —Log (N*na+ . Nsog-) versus 1/T on the sodium sulphate side of the system Na;AlFs—-Na2SQ,, 
(N?nat - Ngog-) is calculated according to four different models of the melt. @ Temkin ionic mixture 
of the ions Nat, SO.2-, and AIF,*-. O Temkin ionic mixture of the ions Nat, SO¢-, AIF,-, and F~. @ Same 
as above, except AIF«*~ is only partly dissociated into AIF, + 2F~ (with the dissociation constant K 
= 0.06). ® Temkin ionic mixture of the ions Na+, Al’+, SO?-, and F-. Full line corresponds to the calori- 
metrical determined heat of melting for sodium sulphate of 5670 cal/mole, dashed line corresponds to 
1900 cal/mole, and dashed-dotted line to about 13,000 cal/mole. 


A plot (full line in Fig. 2) of In Ngo,2- against 1/T gives in this case a curve with a 
limiting slope corresponding to the calorimetrically determined heat of fusion 5670 
cal/mole (9). 

For comparison, the ionic fractions of Na+ and SO,> are also calculated for an 
assumed complete dissociation of the cryolite anion into Al*+ and 6F- ions. In this case 
we have: 

Nyat = (2mnarso.t+3%nasairs)/(22Na2s01t4Mnasairs) 
Ngouw- = Mnazs0./(Mnars04 + Smnasaire)- 


A plot of In (N*yat . Ngo,2-) against 1/T gives in this case a curve (dashed-dotted 
line in Fig. 2) with a limiting slope corresponding to a heat of fusion around 13,000 
cal/mole. (The ionic fractions calculated according to the different models are listed 
in Table II.) 

The results are clearly in favor of the dissociation scheme: 


AIF,- = AIF, + 2F-. 


Therefore, a calculation was undertaken using the dissociation constant K = 0.06 
previously found for this scheme (1, 2). As seen from Fig. 2 this assumption brings the 
experimental points at higher concentrations closer to the straight line. When a dis- 
sociation constant equal to 0.02 is used the points will fall close around the line which 
corresponds to the heat of fusion of sodium sulphate. 
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Discussion of Other Experimental Data for this System 

A few freezing point depression measurements were undertaken in sodium sulphate 
by a simultaneous addition of small amounts of both cryolite and sodium fluoride. To 
get the points on the straight line corresponding to the calorimetric heat of fusion of 
sodium sulphate it was necessary, for this mixture, to use a dissociation constant K = 0.04, 
to be compared with 0.06 above. 

The complete dissociation of AlF,*- into 6F~ ions and one Al** ion in sulphate melt 
can be also ruled out from some other experimental evidence. This reaction scheme 
leads to free Al*+ ion. However, at the actual temperatures Al*+ will be a stronger acid 
than SO;. The following reaction will therefore take place: 


2Al**+ 3S02- = Al,O; + 3S0;(g). 


Thus addition of Alp(SO4)3 or KAI(SO,4)2 to sodium sulphate melts leads to SO; evolution 
corresponding to the reaction just mentioned. 

If aluminum fluoride is added to a sodium sulphate melt, there will not be sufficient 
fluoride to form any stable AlF,- complex and we should thus expect a reaction between 
Al*+ and the sulphate ion. To test this the following experiments were carried out. In 
a platinum crucible, NazSO,, with small additions of AIF;, was heated to melting. The 
whole system was kept just above the melting point of sodium sulphate in an inactive 
atmesphere for about half an hour. The heating resulted in a loss of weight corresponding 
to about one mole of SO; given off for each two moles of AIF;. However, if NaF is added 
to the charge before the run, a little in excess of the composition NaAlF,, no loss in 
weight is observed, neither does any addition of cryolite to sodium sulphate give any 
loss of weight by melting. 


CONCLUSIONS 


Cryoscopic data for the liquid mixtures of NaCl-Na2SO, and NaBr-—NaSO, (4) 
indicate that these systems are essentially ideal over a wide concentration range. Careful 
measurements of e.m.f. between oxygen electrodes in the system NasSO.-NazCO; (10) 
have shown the ideality of that system. It is, thus, fair to assume that a liquid mixture 
containing the ionic species Nat, F-, AlF4-, AlF,’-, and SO,?- should also show. ideal 
behavior. In that case it may be concluded from this study of the system Na2,SO.-Na;AlIF 
that cryolite anion dissociates in sodium sulphate melt according to the scheme 


AIF,.@- = AIF, + 2F-, 


with a dissociation constant of the same order as previously found by similar calculations 
for the cryolite anion in the system NaF-—AIF;. The surprisingly good agreement may 
indicate that the AlF,- ion is fairly stable at these temperatures. 
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REACTIONS OF TITANIUM HALIDES WITH ORGANOMETALLIC 
COMPOUNDS 


I. STOICHIOMETRY OF THE REACTIONS BETWEEN TITANIUM TETRACHLORIDE AND 
SOME ORGANOMETALLIC COMPOUNDS! 


ALBERTO MALATESTA? 


ABSTRACT 


The over-all stoichiometry of the reactions involving titanium tetrachloride and various 
organometallic compounds has been determined. While titanium tetrachloride reacts with 
aluminum ethyldichloride and lead tetraethyl according to a 1:1 stoichiometry for any 
ratio investigated, the reaction between aluminum triethyl and titanium tetrachloride pro- 
ceeds according to different paths when the ratio of the reagents is changed. Equations de- 
scribing the reactions between aluminum triethyl and titanium tetrachloride, where the 
stoichiometries are respectively 1:1, 1:2, 1:3, are derived. Although a certain amount of 
hydrogen has been isolated after hydrolysis of the products of these reactions, no definite 
evidence is found for the presence of Ti(II). 

In all the experiments (except those in which an AI/Ti ratio greater than unity 
was used) substantial amounts of ethyl chloride and ethylene have been found, together with 
the main gaseous components, ethane and butane. A higher alkane was also isolated from 
the solid products of the reaction and is equal to the quantity of ethane liberated. 


INTRODUCTION 


The reaction of organometallic compounds with titanium derivatives has been under 
investigation for a long time (1) in an attempt to prepare compounds containing titanium— 
carbon bonds. Gilman and Jones (2), reacting phenylmagnesium bromide with tetrabutyl 
titanate in ether at about 8° C, succeeded in demonstrating the formation of a Ti-C 
bond. by a test with Michler’s ketone which developed slowly but ultimately became 
strong in color. The colors appearing in the reaction mixture, attributable to titanous 
compounds, led to the conclusion that the phenyl-titanium bond decomposes spon- 
taneously giving phenyl radicals and Ti(III). In the case of a reaction mixture of methyl- 
magnesium bromide and tetrabutyl titanate, the formation of Ti(III) and methane 
was observed to proceed at the same rate. Herman and Nelson (3), using phenyl lithium 
and isopropyltitanate in ether at 8-15° C, succeeded in preparing a compound whose 
analysis led to the formulation CgH;Ti(OC3H7)3- LiOC;H;- LiBr-(C2H;5).0. This com- 
pound was reacted further with an excess of titanium tetrachloride, and phenyltitanium 
triisopropoxide was isolated with a yield of 53%. This compound is very stable, it melts 
at 88-90° C and shows no darkening after 1 year of storage at 10°C. On being heated at 
100-120° C it decomposes giving a violet compound. In a second paper the same authors 
(4) report some information on the stability of titanium—carbon bonds as a function of 
the alkyl or aryl groups involved in the organometallic bond, of the number of these 
groups attached to the titanium atom, and of the nature of the other groups bonded 
to the metal atom. Using phenylmagnesium bromide and titanium tetrabutylate in 
different ratios, they found that a different organotitanium compound is formed for 
each ratio used. They based their conclusions on the rate of spontaneous decomposition 
of solutions of the organometallic compounds. Although no clear-cut evidence is given, 
the formation of highly unstable polyphenyltitanium compounds is favored when higher 
ratios are used, while more stable mono-substituted phenyltitanium compounds are 
formed at lower ratios. Ti(II) was found at higher ratios (from hydrogen evolved upon 


1Manuscript received March 19, 1959. 
2Present address: Dunlop Research Centre, Toronto 8, Ontario. 
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hydrolysis of the products of the reaction) suggesting that diphenyltitanium may be 
present as a relatively stable organometallic compound. Summers and Uloth (5), reacting 
bis-(cyclopentadieny])-titanium halides with several lithium aryls, succeeded in preparing 
relatively stable compounds containing two titanium—carbon bonds. 

The present series of experiments was carried out in order to determine the over-all 
stoichiometry involved in the alkylation reaction of titanium tetrachloride with various 
organometallic compounds. 


EXPERIMENTAL 
Materials 

AIEt; (Ethyl Corp.) was vacuum-distilled through a short Vigreux column and stored 
at room temperature. The purity of the product was checked by gravimetric analysis 
with 8-hydroxyquinoline (6 6) and potentiometrically (7) in order to determine the 
amount of aluminum triethyl, aluminum diethyl monohydride, and aluminum alkoxide 
derivatives. The aluminum triethyl used in this investigation was 99.8% pure. No 
aluminum hydride derivatives were found and the only impurities present were aluminum 
alkoxide compounds. 

AIEtCl, was prepared according to the procedure of Grosse and Mavity (8), distilled 
through a Vigreux column, and stored at room temperature. Gravimetric analysis gave 
a purity of 99.9%. 

TiCl, (Fisher) was purified according to the procedure of Gilchrist (9). 

PbEt, (Ethyl Corp.) was dehydrated with anhydrous magnesium sulphate, filtered, 
and stored in a dark bottle under nitrogen. The purity of the product was determined 
iodometrically (6 a) and was 99.2%. 

Prepurified nitrogen (Mathieson) was used as an inert gas to prevent contamination 
of the reaction materials. Before use the gas was passed through alumina activated at 
250° C and calcium hydride. 


Procedure 

The organometallic compounds and titanium tetrachloride react together with gas 
evolution. A specially designed reaction vessel of known volume connected to a mercury 
manometer (made with a calibrated capillary tubing) and by a high-vacuum stopcock 
to a vacuum system was used to study the reaction (Fig. 1). 

The apparatus was heated for at least 12 hours at 100° C in vacuum and then assembled 
in nitrogen atmosphere. Before assembling the apparatus, two glass ampoules, each 
containing a weighed amount of reactants, were introduced through the female joint. 
This was then closed with a male ground-glass joint fitted with a long glass rod. By small 
vertical movements of the rod it was possible to break the two ampoules. Before breaking 
the ampoules the system was evacuated to 10-* mm of Hg and then cooled at —35° C. 
After the ampoules were broken the temperature of the vessel was slowly raised to 0° C 
and maintained there in order to insure a smooth reaction. After a few minutes the vessel 
was introduced into a thermostat and kept at 35+0.1° C until the reaction was complete. 
The end of the reaction was indicated by stabilization of the level in the mercury mano- 
meter. From a knowledge of the final pressure (obtained from the difference between 
the reading of the mercury manometer and the barometric pressure, less the vapor 
pressure of the reagent present in excess),* the number of moles of gas liberated during 

*The vapor pressure values of the reagents were determined at 35+0.1° C in the apparatus used for the in- 
vestigation here reported. In this way it was also possible to ascertain that while lead tetraethyl and aluminum 


ethyldichloride are stable under vacuum, aluminum triethyl split off ethylene. At 35+-0.1° C, the moles of ethylene 
liberated per mole of aluminum triethyl are 5.61 X10. 
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Fic. 1. Reaction vessel. 


the reaction was calculated. Since the amount of gas formed is dependent on the amount 
of the organotitanium derivative produced in the alkylation reaction of titanium tetra- 
chloride,‘ the moles of the organometallic compound reacted with titanium tetrachloride 
were then calculated from the moles of gas liberated after the determination of its com- 
position by mass spectrometry. After the removal of the gas sample for the analysis, the 
vessel was frozen at —35° C and the gas was pumped off. When the original pressure 
(10-* mm of Hg) was restored, carefully degassed water was introduced. 

The temperature of the system was raised to 0° C, and, after the hydrolysis was 
complete, the gas was again analyzed by mass spectrometry. Atmospheric pressure 
was then restored with nitrogen and the Ti(III) was determined with Fe(III) in the 
presence of ammonium thiocyanate as an indicator (4). At the end of each experiment 
a waxy substance was found in the vessel. This substance, soluble in organic solvents, had 
a molecular weight (determined by the cryoscopic method in benzene) which varied 
between 750 and 1000 and was characterized by I.R. spectroscopy as a high alkane (4). 

A few reactions were duplicated in the apparatus described using a pressure of 545 mm 
of Hg, or the atmospheric pressure instead of the pressure of 10-* mm of Hg. Since no 
appreciable differences have been found in quantity and composition of the gas liberated 
in these experiments and in comparable experiments conducted at 10-* mm of Hg, it is 


4C. F. Feldman, L. C. Arnold, and D. W. McDonald, in a paper presented at the 131st National Meeting 
of the American Chemical Society, Miami, Florida, April 1957, reported that with the aluminum triisobutyl - 
titanium tetrachloride system at a ratio Al/Ti 1.2:1, the reduction of Ti(IV) to Ti(III) according to the reactions 
AIR; + TiCl, — AIR,Cl + TiCl;R and TiCl;R — TiCl; + R- was more than 90% complete in 20 


minutes. See also reference 2. 
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concluded that the evolution of the gas observed in the reactions between organometallic 
compounds and titanium tetrachloride is not influenced by the pressure at which the 
experiments were conducted. 

The ampoules were made with capillary tips at one end, and had a predetermined 
volume. They were filled according to the following procedure: the organometallic 
compounds and the titanium tetrachloride were stored in separate specially designed 
glass containers (Fig. 2) each with a side arm through which prepurified nitrogen could 








Fic. 2. Container for the sampling of the reagents. 


be introduced when necessary. The container was closed with a male joint fitted with a 
glass rod. The end of the rod introduced into the container was formed as a thin spiral 
on which the glass ampoules could be conveniently placed with the tip down. All the 
ampoules were previously heated in vacuum for at least 24 hours and filled with nitrogen. 
The apparatus, containing the substance and the ampoule, was evacuated, and upon 
complete evacuation the tip of the ampoule was inserted below the liquid level, by 
pushing down the glass rod. Nitrogen was admitted slowly thus filling the ampoule with 
liquid. On exposure to air the ampoules containing both the organometallic compounds 
and the titanium tetrachloride became sealed by reaction of the air with the compound 
present in the capillary tip. The ampoules containing lead tetraethyl were sealed with a 
microflame. All the ampoules used in this investigation were filled at the same time. 
The analysis for the purity of each compound was actually performed using the product 
sampled at the start, in the middle, and at the end of the operation, in order to verify 
that the sampling procedure did not change the purity of the reagents. Analyses were 
also made at the end of the investigation in order to check that the purity of the material 
had not changed during that time. 


EXPERIMENTAL RESULTS 
Reaction of AIEtCl, and TiCl, 
Aluminum ethyldichloride and titanium tetrachloride react quite smoothly with the 
formation of a reddish-brownish precipitate. A qualitative evaluation of the rate of gas 
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evolution shows that, whatever the ratio between the organometallic compound and 
titanium tetrachloride there is no considerable difference in the rate. The gases evolved 
during the reaction are mainly ethane and butane. Substantial amounts of ethylene and 
ethy! chloride are also liberated and traces of higher alkanes. The absolute molar amount 
of each gas liberated per mole of aluminum ethyldichloride used is plotted against the 
molar ratio of aluminum ethyldichloride and titanium tetrachloride in Fig. 3. 
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Fic. 3. Reaction of AIEtCl, with TiCl,. Molar amounts of ethane, butane, ethylene, and ethyl! chloride 
liberated per mole of AIEtCls used vs. the molar ratio of AIEtCl, and TiCl,. 
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An interesting result is the presence of ethyl chloride in the gas evolved during the 
reaction. The amount of this component is very close to the amount of butane evolved, 
especially at ratios Al/Ti below 1. The presence of ethyl chloride demonstrates that 
part of the alkylated form of titanium is decomposed according to the equation [1] 
proposed by Friedlander and Oita (10). 


TiCl;R — TiCl, + RCI {1] 

Titanium dichloride obtained from this reaction reacts with the excess of titanium 
tetrachloride present for every ratio, according to the reaction [2] which is completely 
TiCl, + TiCl, = 2TiCl; . [2] 

shifted to the right at room temperature (11). The presence of ethylene, already ascer- 
tained by Gilman (12) in similar reactions, and of the waxy polymer, already mentioned, 
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throws light on the fate of the ethyl radicals split from the alkylated product. The sum 
of the moles of ethylene found in the gas and of the polymer found in the reaction vessel 
is equal, within experimental error, to the amount of ethane liberated.’ After decom- 
position with water, the analysis of the gas reveals no hydrogen for any ratio of Al/Ti, 
thus ruling out the possibility of having Ti(II) as a product of the reaction. The gases 
produced during the hydrolysis are mainly ethane and a small amount of butane. The 
acid solution containing the titanium was analyzed for Ti(III) content. 


TABLE I 


Molar amounts of AIEtCl, and TiCl, used and reacted; average valence of titanium in the product 
of the reaction 











AIEtCl. 
Sy TiCl, AIEtCl, reacted TiCl, 

AIEtCle TiCl, AIEtCl, reacted reacted TiCl, mole Ti, av. 

(mole) (mole) TiCl, (mole) (mole) reacted reduced (%) valence 
1.97107 4.251073 4.17 3.68X10-% 4.571073 1.24 86.5 3.14 
1.67 4.04 4.15 3.17 3.75 1.18 76.5 3.24 
2.21 5.70 3.88 4.28 4.57 1.07 75.0 3.25 
2.35 6.20 3.76 4.40 4.99 1.13 72.0 3.28 
1.96 5.26 3.74 3.85 4.52 pes 13.2 3.27 
1.39 6.24 2.23 4.71 6.57 1.39 75.5 3.25 
1.56° 7.07 2.21 5.02 7.28 1.45 71.0 3.29 
1.06 4.95 2.14 3.90 5.20 1.33 79.0 3.21 
1.64 2.99 a.48 5.66 7.65 1.35 72.9 3.27 
we rs 8.39 2.10 6.23 8.46 1.35 74.2 3.26 
1.67 8.27 2.01 6.57 9.38 1.42 79.5 3.22 
2.00 1.34107 1.76 0.93107 1.05107 1.13 69.5 3.33 
1.69 1.69 1.00 1.09 : 1.12 64.5 3.36 
0.81 0.82 0.98 0.50 0.62 1.24 60.5 3.40 
1.10 1.12 0.98 0.72 0.78 1.08 64.5 3.32 
0.74 0.77 0.95 0.40 0.47 Lat 60.1 3.40 
1.94 2.06 0.94 1.24 1.40 1.13 60.1 3.40 
1.34 1.46 0.92 0.84 0.85 1.01 §7.7 3.42 
1.25 1.36 0.91 0.80 0.92 1.15 58.5 3.42 
ef 1.30 0.90 0.75 0.79 1.05 57.5 3.43 
0.92 1.69 0.54 0.58 0.64 1.10 34.3 3.66 
1.24 2.45 0.51 0.83 0.83 1.00 34.0 3.66 
0.99 1.95 0.50 0.64 0.68 1.06 32.9 3.66 
0.82 1.67 0.49 0.82 0.85 1.04 32.2 3.68 
0.68 1.39 0.49 0.44 0.50 1.14 31.6 3.69 
0.97 2.04 0.47 0.62 0.72 1.16 30.2 3.70 
1.09 2.39 0.45 0.72 0.74 1.03 30.0 3.70 





In Table I are reported the amounts of the reagents used, the amount of the reagents 
reacted, the per cent of Ti(IV) reduced, and the average valence of the metal in the 
product of the reaction. 


Reaction of PbEt, and TiCl, 

These two compounds react as smoothly as aluminum ethyldichloride and titanium 
tetrachloride, with the formation of a brownish-blackish precipitate. In this case an 
approximate evaluation of the rate of gas evolution shows that no large difference exists 
in the rate of the reaction between the two reagents for any ratio studied and that 
the gases evolved during the reaction are mainly ethane and butane with substantial 
amounts of ethylene and ethy! chloride and traces of higher alkanes. In Fig. 4 the absolute 
amount of each gas liberated per mole of lead tetraethyl used is plotted against the ratio 

5An exhaustive discussion on the relationship between the mechanism of the decomposition of the organo- 


metallic compounds of the transition metals and their stability is reported by Cotton, F. A. Chem. Revs. 55, 
561 (1956). 
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Fic. 4. Reaction of PbEt, with TiCl,. Molar amounts of ethane, butane, ethylene, and ethyl chloride 
liberated per mole of PbEt, used vs. the molar ratio of PbEt, and TiCl,. 
Ethane O Ethylene 
A Butane © Ethyl chloride 


PbEt,/TiCl,. It is possible to conclude that ethyl chloride also results in this case from 
a reaction of the same type as in equation [1]. After hydrolysis, the analysis of the gas 
shows no hydrogen for any ratio of Pb/Ti. The gases present after decomposition are 
mainly ethane and a trace of butane. The solution containing the titanium was titrated 
with Fe(III) and the amount of Ti(III) was determined. After the titration the solution 
was filtered and the solid collected was dissolved in hot n-heptane. From the solution a 
white powder was recovered. This substance was purified by crystallization from 
n-heptane and analyzed for chlorine. The compound was identified as PbEt;Cl. (Anal. 
Calc. for PbEt;Cl: Cl, 10.71. Found: Cl, 10.69.) 

In Table II are reported the quantities of reagents used, the amount of the reagents 
reacted, the per cent of titanium tetrachloride reduced, and the average valence of the 
metal in the product of the reaction. 


Reaction of AlEt; and TiCl, 

Aluminum triethyl and titanium tetrachloride react very fast even at low temperature 
with the formation of blackish-brown precipitate depending on the ratio of Al/Ti used. 
An approximate evaluation of the rate in this case was quite difficult because the reaction 
is completed in a few minutes. It is also doubtful at what temperature the alkylation 
reaction was actually conducted although the standard technique already described was 
used. In spite of these difficulties the results were reproducible enough to be interpreted. 
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TABLE II 


Molar amounts of PbEt, and TiCl, used and reacted; average valence of titanium in the product 
of the reaction 














PbEt, 
x TiCl, PbEt, reacted TiCl, 

PbEt, TiCl, PbEt, reacted reacted TiCl, mole Ti, av. 

(mole) (mole) TiCl, (mole) (mole) reacted reduced (%) valence 
1.89X10-? 4.16107 4.54 3.82X10-* 3.7110" 0.97 91.8 3.08 
1.91 4.21 4.53 3.95 3.99 1.01 93.8 3.06 
eg 4.08 4.24 3.86 4.01 1.04 94.5 3.06 
2.37 6.21 3.82 5.72 5.72 1.00 92.1 3.08 
1.95 7.99 2.44 6.54 6.61 1.01 81.9 3.18 
1.10 5.01 2.17 4.03 4.03 1.00 80.4 3.19 
1.58 7.02 2.08 6.51 6.71 1.03 84.5 3.16 
1.68 8.26 2.03 6.86 6.72 0.98 83.1 3.17 
0.94 0.92107 1.02 0.68X107 0.68107 1.00 74.1 3.25 
1.37 Loe 1.00 1.03 1.05 1.02 75.4 3.24 
0.98 0.97 1.01 0.70 0.69 0.98 72.3 3.28 
1.10 1.13 0.97 0.83 0.81 0.98 73.8 3.26 
0.98 1.94 0.51 1.13 0.95 0.84 58.1 3.42 
0.65 1.34 0.48 0.77 0.63 0.82 57.1 3.43 
0.97 2.01 0.48 1.15 0.95 0.83 57.3 3.43 
1.10 2.41 0.56 1.34 1.05 0.78 55.4 3.44 





In this case also the gases formed during the alkylation reaction were mainly ethane 
and butane and traces of higher alkanes, but if the ratio. Al/Ti was kept above the value 
1, ethylene and ethyl chloride were not found. These two components appear in sub- 
stantial amount when ratios of Al/Ti less than unity are used. 

In Fig. 5 the absolute amount of each gas liberated per mole of aluminum triethyl used 
is plotted against the ratio AIEt;/TiCl,. 

After hydrolysis, analysis of the gas showed that ethane was the principal component, 
and that a small amount of butane was also present. Hydrogen was also found in small 
amounts only for ratios of Al/Ti greater than unity. In Table III are reported the 
quantity of reagents used, the amount of the reagents reacted, and the per cent of 
titanium tetrachloride reduced. The amount of TiCle, which can be calculated from the 
hydrogen evolved on hydrolysis, is not reported here because no other direct evidence 
of its presence in the alkylated material is available. While it is possible to have com- 
pounds of Ti(I1) as direct products of the alkylation reaction, it is ‘also possible that 
such products could be formed by thermal effects from higher valence compounds during 
the hydrolysis itself. This possibility is discussed later. Nevertheless, the moles of titanium 
dichloride calculated from the hydrogen evolved represented only a small per cent 
(about 5%) of the initial amount of TiCl, used for all the ratios of Al/Ti above 1.81. 


DISCUSSION 


The alkylation of titanium tetrachloride with various organometallic compounds 
reported is a well-defined reaction, at least with organometallic compounds of low 
activity such as aluminum ethyldichloride and lead tetraethyl. With these compounds 
the stoichiometry of the reaction follows reaction [3] for any ratio investigated. The 


MR, + TiCl, — MRz-:Cl + TiCl;R [3] 
formation of a specific compound as a product of the alkylation is demonstrated by a 


constant rate of gas evolution during the reaction and by the almost constant com- 
position of the gas obtained for any ratio of the reagents used. For the reaction between 
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Reaction of AIEt; with TiCl,. Molar amounts of ethane, butane, ethylene, and ethyl chloride 


liberated per mole of AIEts used vs. the molar ratio of AIEts and TiCl,. 
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TABLE III 
Molar amounts of AIEt; and TiCl, used and reacted 

















AIEt; 
, TiCl, AIEt; reacted TiCl, 
AIEt; TiCl, AIEts reacted reacted TiCl, mole 
(mole) (mole) TiCl, (mole) (mole) reacted reduced (%) 
3.99 X 1072 3.991073 10.00 3.991073 4.441073 1.11 100.0 
3.99 5.58 ee 5.57 5.47 1.03 99.9 
0.62 1.31 4.76 1.31 1.53 1.15 99.9 
1.21 4.32 2.94 4.32 3.10 0.72 100.0 
0.77 4.23 1.81 4.21 2.47 0.59 99.7 
0.75 4.51 1.66 4.42 2.59 0.59 99.8 
0.61 5.65 1.07 5.64 2.67 0.47 99.9 
0.63 7.36 0.86 6.43 3.05 0.47 87.4 
0.67 1.01 X10 0.67 6.75 3.66 0.54 67.2 
0.73 1.32 0.55 7.35 4.32 0.59 55.8 
0.59 1.41 0.42 1.07 3.86 0.51 53.5 
0.39 1.71 0.23 7.57 2.80 0.37 44.2 
0.55 2.51 0.22 1.171072 3.99 0.34 46.8 
0.60 3.72 0.16 1.12 4.04 0.36 30.2 
0.36 2.75 0.13 0.69 2.40 0.35 25.0 
57 4 0.91 3.53 0.39 18.9 
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aluminum triethyl and titanium tetrachloride, it is not possible to derive a constant 
stoichiometric relationship for the various ratios used. However, it appears that for 
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an Al/Ti ratio greater than 3 the reaction goes according to reaction [4], while for Al/Ti 
ratios below 0.5 reaction [5] is followed. Since it is possible to observe a continuous 
AIEt; + TiCl, > AIEt,Cl + TiCI;R [4] 

AIEt; + 3TiCl, — AICI; + 3TiCl;R [5] 


variation in the ratios of reacted aluminum triethyl and titanium tetrachloride from 
1 to 0.35, it is difficult to determine boundary lines dividing the regions where the 
reactions [4], [5], and [6] occur. 


AIEt; + 2TiCl, —~ AIEtCl. + 2TiC1;R [6] 
The reactions [4] and [6] do not account for the further reduction of titanium to the 
bivalent state. 


The formation of Ti(II), which probably becomes apparent only upon hydrolysis, can 
occur according to the reactions [7] and [7’] 


TiCl; + AIEt; — TiCl,R + AIEt.Cl [7] 
TiCl.R — TiCl. + R- iv’ 
or according to the reactions [8] and [8’]. 
TiCl, + 2AlEt; — TiCl.R. + 2AlEt.Cl [8] 
TiCl.R. — TiCl, + 2R- (8’] 


While both reactions may be responsible for the formation of Ti(II), it is probably true 
that the course of reaction [7] is hindered by its heterogeneity. Reaction [8], with 
the production of Ti(IV) alkyl derivatives (which are the only stable organometallic 
compounds of titanium isolated (4, 5)), is more likely responsible for the formation of 
Ti(II). Since no titanium metal has been found after hydrolysis of the alkylated material, 
and since titanium can form di-, tri-, and tetra-substituted derivatives as well as complex 
anions (using its empty d-orbitals), all the alkylation reactions which produce those 
organotitanium compounds which give titanium metal directly or by disproportiona- 
tion on hydrolysis can be eliminated. It is reasonable to assume, at this point, that the 
alkylation of titanium tetrachloride proceeds only through the reaction schemes from 
[3] to [8]. Among all the possible organotitanium compounds only TiR2Cl: and TiRC1; 
are likely to be present as tetra-substituted derivatives, while the only one likely to 
be present as a tri-substituted derivative is TiRCle. 

Saltman and co-workers (13) found that with a Al/Ti ratio of 0.33 (in the case of a 
reaction of aluminum triisobutyl and titanium tetrachloride) the amount of solid 
obtained from the reaction per mole of TiCl, consumed is very similar in weight and 
composition to a mixture of 1 mole of AlCl; and 3 moles of TiCl;. This result calls for a 
stoichiometry as in equation [5], which was derived using a completely different 
experimental procedure. 

The possibility of having titanium as a complex anion has been suggested by Summers 
and Uloth (5) in order to explain the solubility of bis-(cyclopentadienyl)-titaniumdipheny] 
in ether when an excess of pheny! lithium is added, according to the equilibrium equation 
{9], with the formation of dark orange-brown or nearly black solutions. 


Pho[(CsHs)2Ti] + PhLi = Ph[(CsHs)2Ti}- Lit [9] 
This possibility is reported here in order to discuss the observations of Friedlander 


and Oita (10) that the product of the reaction of aluminum triethyl with titanium 
tetrachloride for ratio values equal or less than unity gave negative tests with Michler’s 
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ketone, indicating that all the alkyl compound either reacted with titanium tetrachloride 
or was held in an inactive complex. For a ratio Al/Ti greater than 2.5, strong positive 
Michler’s ketone tests were observed thus indicating the presence of an excess of 
aluminum alkyl] while between ratios 2.5 and 1, weakly positive test results were obtained, 
indicating the formation of new carbon—metal bonds or the formation of a complex 
which modified the properties of the aluminum alkyls. The mechanism of the reaction 
of Michler’s ketone with a carbon—metal bond (14) consists of co-ordination of the 
oxygen of the carbonyl group with the metal, followed by migration of the group R 
with its electrons according to equation [10]. 


i 


or a a 
‘C—OM—X,, 
/ co 


C=0 + M—x, >| Sc=0 > M—x, |= 
\ "all /) ae 
R “RD R 


(1) 


It is possible that if the color test (based on the hydrolysis of (1) and a chromatic reaction 
of the tertiary alcohol (15)) is negative, the co-ordination of the carbonyl does not occur. 
In presence of titanium derivatives this could only be explained by the fact that the 
empty d-orbitals of the metal are already occupied. The presence in the system of anions 
of the type suggested by Summers and Uloth (5) can explain why the Michler’s ketone 
test failed to give positive results. 
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THE ALKALOIDS OF INULA ROYLEANA'. 


O. E. Epwarps AND M. N. RODGER? 


ABSTRACT 


Royline and inuline, previously isolated from Inula royleana, have again been isolated from 
this source, and shown to be lycoctonine and anthranoyl-lycoctonine respectively. The 
presence of a third known alkaloid, methyl-lycaconitine has also been established. This is 
the first recorded occurrence of lycoctonine and its derivatives outside the family Ranun- 
culaceae. 


Inula royleana DC. Prod., a perennial plant of the family Compositae, with reputed 
medicinal value, is found in the lower reaches of the Himalayas. Its extractives had been 
previously examined by two groups of workers. In 1944 Chopra, Kohli, and Handa (1) 
isolated an alkaloid, m.p. 120—121° [a]p —42.5° to which they gave the name roylene, 
and assigned the empirical formula C2:H3s0sN. These workers were unable to isolate 
any crystalline derivatives of this base other than an aurichloride, m.p. 142° (decomp.) 
for which no analysis was given. Chatterjee and Talapatra (2) later examined this plant 
and isolated the same alkaloid. They changed its name to royline and altered the empirical 
formula to Co;H35_3706N. In addition, these workers found another alkaloid, m.p. 165° 
(decomp.) [a]p +44.3°, which they called inuline. This analyzed correctly for CigsH2;0,4N, 
and gave a crystalline chloroplatinate which analyzed for C32HiOsNe2. HePtCle. 

We have re-examined the roots of Inula royleana, and have isolated and characterized 
three alkaloids, two of which correspond to those encountered by the Indian workers. 

The dried root gave a phenomenal yield of alkaloid (ca. 5%), most of which was 
extracted by methylene chloride when a solution of its salt was adjusted to pH 8. This 
material was a complex mixture which was not readily separated by chromatography 
on alumina. After solvent precipitation of the darker colored components, the bases 
were separated by countercurrent distribution between benzene and buffer of pH 5 
Royline remained in the early tubes, while inuline moved rapidly with the benzene 
phase, and both alkaloids were obtained pure after 180 transfers. 

Inuline, when submitted to paper chromatography and paper electrophoresis proved 
to be homogeneous. The base formed a highly crystalline perchlorate, m.p. 206° (decomp. ) 
which analyzed for C32HOsN2.HClO,y. On alkaline hydrolysis of the alkaloid two 
fragments were isolated—a base, C25H4;O3sN, and a fluorescent amino acid C;H;O.N. 
The latter fragment was identified as anthranilic acid by direct comparison with an 
authentic specimen. The basic fragment was similarly identified as the monohydrate of 
the known alkaloid lycoctonine. Inuline is therefore anthranoyl-lycoctonine. In accord 
with this, inuline and anthranoyl-lycoctonine*® showed no depression of melting point 
on admixture, and their infrared spectra were identical. The corresponding perchlorates 
also proved to be identical. We were able to confirm that our material corresponded to 
that obtained by the earlier workers (I.R., melting point, mixed melting point, and 
rotation) using a sample kindly supplied by Mrs. A. Chatterjee whom we cordially 
thank. 

1Manuscript received April 10, 1959. 

Contribution from the Division of Pure Chemistry, National Research Council, Ottawa, Canada. 

Issued as N.R.C. No. 5228. 

2National Research Council of Canada Postdoctoral fellow. 

3The anthranoyl-lycoctonine isolated from D. consolida (Marion, L. and Edwards,O. E. J. Am. Chem. Soc. 
69, 2010 (1947)) crystallized when seeded with a sample from Goodson’s collection, kindly provided by Dr. T. M. 


Sharp. The two materials proved identical, with m.p. 155-164°. The m.p. of 172° recorded by Goodson (3) could 
not be duplicated. 
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Royline was also shown to be homogeneous by paper chromatography. Comparison 
of the base and its perchlorate with lycoctonine and its perchlorate proved the identity 
of the two alkaloids. We were again able to confirm that the material in our hands was 
the same as that examined by the earlier workers using a sample supplied by Mrs. A. 
Chatterjee. This sample had a rotation identical with that of lycoctonine, hence the 
reported negative rotation (1) for royline is in error. 

The bulk of the alkaloids from the roots was separated manually in large funnels (12 
transfers) using the above solvent system, but moving the lower phases. 

The contents of the first three funnels were rich in inuline. The contents of the later 
funnels would not crystallize. The material from funnels 7-9 was redistributed (100 
transfers) between benzene and buffer of pH 5. The major peak (tubes 34 to 79) was 
still non-crystalline, hence was redistributed between benzene and buffer of pH 4 (100 
transfers). The material corresponding to the main peak (tubes 11 to 45) proved to be 
homogeneous. It could not be obtained crystalline, but it gave a crystalline hydriodide, 
m.p. 201° (decomp.). The base on hydrolysis gave lycoctonine and 1-methylsuccinyl- 
anthranilic acid. This suggested that it was methyl-lycaconitine, and comparison of the 
hydriodide with a sample kindly supplied by Professor R. C. Cookson, whom we cordially 
thank, established the identity (I.R., melting point, mixed melting point). Methyl- 
lycaconitine had previously been isolated by Goodson (3) and by Cookson, Page, and 
Trevett (4). These workers were also unable to induce the base to crystallize. 

In addition to the major component found in the distribution at pH 4 there were four 
minor components, one moving more slowly than methyl-lycaconitine, and the remaining 
three moving more rapidly. These bases have not as yet been crystallized but each has a 
distinctive infrared spectrum, especially over the carbonyl and aromatic absorption 
regions. 

The aqueous mother liquor from which the main basic fraction had been extracted 
was made strongly alkaline, and extracted with chloroform. The base obtained was 
largely lycoctonine (royline). 

Alkaline hydrolysis of the material precipitated by the initial benzene—hexane separa- 
tion of the weak bases (see experimental) gave a further yield of lycoctonine, and this 
fraction may well consist largely of oxidation and decomposition products formed from 
methyl-lycaconitine during drying of the root and subsequent operations. 

Inula royleana now becomes the richest known source of lycoctonine. Now that the 
alkaloids isolated by the previous workers have proved to be lycoctonine and anthranoyl- 
lycoctonine we suggest that the names ‘‘royline’’ and’ ‘‘inuline’’ be deleted from the 
chemical literature. 

Lycoctonine and its derivatives have been found in Aconitum lycoctonum and all the 
Delphinium species which have been carefully examined; but their presence in Jnula 
royleana is the first recorded occurrence of these alkaloids outside the family Ranun- 
culaceae. It seems remarkable to us that not only should an alkaloid as complex as 
lycoctonine be synthesized by a plant belonging to an entirely different family from the 
previously known sources, but that it should be esterified with the same complex acid. 


EXPERIMENTAL 


Melting points were taken in an open tube unless marked (K), in which case they 
were taken on the Kofler block. Infrared spectra were taken as “Nujol” mulls on a 
Perkin-Elmer model 21 spectrophotometer. 
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Isolation and Separation of the Alkaloids 

Inula royleana was obtained from an Indian source by the S. B. Penick Co. through 
the good offices of Dr. H. R. Schmidt. The finely ground dry roots (25 Ib) were extracted 
exhaustively with methanol at room temperature, and the methanolic extract taken to 
dryness under reduced pressure. The material so obtained was dissolved in dilute sulphuric 
acid and the neutral and acidic material removed by extraction with methylene chloride. 

The methylene chloride solution was back-washed with dilute sulphuric acid. The 
combined aqueous layers were taken to pH 8 using sodium carbonate and again extracted 
with methylene chloride. This extract was evaporated under reduced pressure to give 
a dark brown gum (498 g) (‘‘weak bases’’). 

The pH of the aqueous layer was raised to 11 and the solution extracted with chloro- 
form. The chloroform was removed under reduced pressure to yield a dark brown gum 
(70 g) (‘‘strong bases’’). 

A portion of the crude weak base (25 g) was dissolved in the minimum quantity of 
benzene and an equal volume of hexane added. The dark gum which precipitated was 
laid aside. The mother liquors were evaporated under reduced pressure, and the material 
obtained (15 g) separated into its components in a Craig apparatus for counter- 
current distribution. Four tubes were loaded with a benzene solution of the alkaloids 
(40 ml; 10 ml per tube) and the material was moved through 180 tubes against citric 
acid — phosphate buffer of pH 5. The contents of the last 29 tubes yielded 4.4 g of pure 
inuline, while the material identified as royline (2.2 g) was left in the early benzene layers. 
Both alkaloids crystallized from aqueous methanol as needles, and were shown to be 
homogeneous by paper chromatography. The homogeneity of inuline was also checked by 
paper electrophoresis. 

A preliminary examination of the “strong base’’ fraction indicated that this consisted 
largely of royline. The weak bases insoluble in benzene—hexane, on alkaline hydrolysis 
gave a 45% yield of lycoctonine. 


Inuline 

The base had m.p. 145-154° (decomp.) undepressed on admixture with anthranoyl- 
lycoctonine, and [a]p +51° (CHCl;). Comparison (melting point, mixed melting point, 
I.R., rotation) of the base with a sample of inuline supplied by Mrs. A. Chatterjee con- 
firmed their identity. The infrared spectrum of inuline was identical with that of 
anthranoyl-lycoctonine. The perchlorate of the base crystallized from ethanol as needles 
m.p. 206° (decomp.) undepressed on admixture with the perchlorate from anthranoyl- 
lycoctonine. Found: C, 55.91; H, 7.01. Cale. for C32HaOsNe.HClOy: C, 55.94; H, 
6.85. 
Hydrolysis of Inuline 

Inuline (220 mg) was refluxed for 45 minutes with 1% ethanolic potassium hydroxide. 
The solution was cooled and extracted with chloroform, and the chloroform solution on 
evaporation under reduced pressure afforded lycoctonine, crystallizing from aqueous 
methanol as needles, m.p. 115-123° (decomp.), undepressed on admixture with an 
authentic sample of lycoctonine. The infrared spectra of the two samples were also identi- 
cal. Found: C, 61.77; H, 8.74; N, 2.93. Calc. for C2sH430sN: C, 61.83; H, 8.93; N, 2.88. 

On neutralization of the hydrolysis mother liquors and extraction with chloroform, 
anthranilic acid was obtained, identical with an authentic specimen (melting point, 
mixed melting point, I.R., and U.V.). Found: C, 61.62; H, 4.98; N, 9.97. Calc. for 
C,;HO.N: C, 61.31; H, 5.15; N, 10.21. 
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Royline 

The base had m.p. 115-123° (decomp.) undepressed on admixture with lycoctonine 
hydrate, and [a]p +47 (EtOH). Comparison of the base with a sample of royline supplied 
by Mrs. A. Chatterjee (melting point, mixed melting point, I.R., rotation) confirmed 
their identity. The infrared spectrum of royline was identical with that of lycoctonine 
hydrate. 

The perchlorate of the base crystallized from ethanol as needles, m.p. 215° (decomp.) 
undepressed on admixture with the perchlorate from lycoctonine. 


Methyl-lycaconitine 

The main bulk of the ‘‘weak bases’’ (ca. 400 g) was dissolved in benzene and the less 
soluble components precipitated by hexane. The remaining solution was evaporated to 
dryness, leaving 155 g of pale yellow alkaloid. This was taken up in benzene and separated 
manually in large funnels (12 transfers), the moving phase being in this case the buffer 
solution of pH 5. The contents of funnels 1-3 (55 g) proved to be largely inuline and 
yielded 37 g of crystalline base. Funnels 7-9 contained 21 g of alkaloid which was sepa- 
rated by a further 100 transfers on the Craig countercurrent apparatus using the 
same solvent system. Fractions 85-98 from this separation afforded 3.6 g of inuline, 
and fractions 1-12 gave 0.5 g of royline. Funnels 4—6 from the manual separation con- 
tained 41 g of alkaloid which could not be crystallized, hence this- was distributed be- 
tween benzene and buffer pH 5 in the countercurrent apparatus (100 transfers). The 
bulk of the alkaloid was found in fractions 34-79, and this material (14 g) was redis- 
tributed between benzene and buffer pH 4 in the Craig countercurrent apparatus (100 
transfers). Five components were thus separated. The major component (tubes 11-45, 
6.6 g) could not be crystallized, but gave a crystalline hydriodide, m.p. 199-201° (K), 
undepressed on admixture with an authentic specimen of methyl-lycaconitine hydriodide. 
The infrared spectra of the hydriodide of the base and of methyl-lycaconitine hydriodide 
were identical. 


Hydrolysis of Methyl-lycaconitine 

The base (404 mg) was refluxed for 45 minutes with 1% ethanolic potassium hydroxide. 
On cooling of the reaction mixture and extraction with chloroform, lycoctonine was 
obtained, and was recrystallized from aqueous ethanol as needles (256 mg) m.p. 115—123° 
(decomp.) undepressed on admixture with an authentic sample of lycoctonine. The 
infrared spectrum of the material obtained was identical with that of lycoctonine. 

On acidification and further extraction of the hydrolysis mother liquors with chloroform, 
l-methylsuccinyl-anthranilic acid was obtained (81 mg) which recrystallized from 
acetone-hexane as needles, m.p. 150-154° (K) with sintering at 146°, [a]p —6° (EtOH). 
Found: C, 56.89; H, 5.02. Calc. for C12Hi305N: C, 57.37; H, 5.22. (Goodson (3) reports 
a melting point of 155° with sintering at 147° [a]p —7° (EtOH).) 
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ACTIVATION ENERGIES OF SEMICONDUCTORS WITH 
THE ZINC BLENDE STRUCTURE! 


W. B. PEARSON 


ABSTRACT 


Difficulties of determining the binding energies and effective charges on the atoms are the 
main reason why no systematic explanation of the variation of the size of the energy gap among 
members of the simplest family of semiconductors—those with the zinc blende structure—has 
ever been given. It is shown that by the choice of suitable atomic parameters for discussing the 
activation energies of these compounds these difficulties may be avoided, and the variation 
of the size of the energy gap between one compound and another can be systematically 
accounted for. In the treatment which develops no particular distinction need be made 
between the III-V, II-VI, and I-VII compounds, and it is concluded that the anomalously 
high or low activation energies, which certain compounds appear to have, are just the result 
of the relative sizes of the cations and anions in influencing the polarization of the bonds. 


INTRODUCTION 


Energy band calculations of semiconductors involve so much labor and difficulties 
that they do not provide a ready means of determining activation energies from the 
properties of the component atoms of the semiconductor. More intuitive chemical 
approaches have also made singularly little progress and it has not so far been possible, for 
instance, even to give a self-consistent discussion of the variation of activation energy 
among the compounds of the simplest family of semiconductors—those with the zinc 
blende type of structure. Welker (11) has shown essentially that the activation energy 
of a semiconductor depends on the binding energy and on the effective charges on the 
atoms. However, Folberth (3) has pointed out that consideration of Welker’s rules alone 
is insufficient to explain the relative variation of activation energy among the III-V 
compounds with the zinc blende structure. The size of the energy gap depends both on 
the binding energy and on the extent of the modulation of the crystalline field in the 
compound semiconductor. Folberth postulates a linear relationship between the degree 
of modulation and the polarization of the chemical bonds, and establishes the relative size 
of the modulation of the crystalline field in a number of III-V compounds from calculated 
values of the polarization. Nevertheless, this work does not lead to an understanding 
of the variation of the activation energies of a// compounds with the zinc blende structure 
since he deals only with the III-V compounds and then ignores some of these without 
comment. 

Another method of approach has been developed by Goodman (4) in discussing the 
relative variation of electron mobilities in some semiconductors with the zinc blende 
structure. He determined the ‘ionic contribution” to the activation energy for the com- 
pounds from a linear relationship between the square root of the size of the energy gap 
and the reciprocal of the square of the interatomic distance, which he established for the 
truly homopolar Group IV semiconductors with the diamond structure. However, it does 
not seem possible to develop this approach further to describe the variation of the 
activation energies of these compounds, and the reason appears to be that no account 
is taken of the relative atomic sizes of the component atoms which are also significant. 

1Manuscript received March 16, 1959. 
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DISCUSSION 


The two main difficulties in developing a chemical discussion of the activation energies 
of compounds with the zinc blende structure along lines suggested by the work of Welker 
and Folberth are the determination of the binding energy and the effective charges on 
the atoms. Although some information of the latter may be gained by calculation from 
experimental data (cf. Wolff (2), Picus et al. (10), and Ehrenreich (1)) or perhaps by the 
arguments used by Pauling (cf. 8), there is no comprehensive knowledge of these charges 
which can be drawn on at present. Faced with these difficulties it seems that some progress 
may be made by indirect means, by comparing for these compounds atomic parameters to 
which the binding energy and effective charges are related, without ever considering the 
quantities explicitly.? For instance, Mooser and Pearson (6) have recently given a classi- 
fication of normal valence compounds with simple atomic ratios in terms of two par- 
ameters: 7, the average principal quantum number of the valence electrons of the 
component atoms, and Ax, the difference of the electronegativities of the component 
atoms. These two parameters, which respectively describe the loss of directional character 
of covalent bonds in the compounds as the metallic character and as the ionic character 
increase, give a sharp separation of the compounds into groups with different structures 
and co-ordinations. Together or severally they bear a loose relationship to the binding 
energy and to the atomic size which is important in the modulation of the crystalline field 
in compounds of the zinc blende type. However, Ax alone is not sufficient to take account 
of the effective charges on the atoms of such compounds which depend on the polarization 
of the bonds, and this in turn depends on the relative sizes of the cation and anion. 
For reasons which are discussed more fully below we take the ratio of the cationic and 
anionic radii r,/r, as a measure of the polarization. 

Several interesting facts appear when we examine the observed activation energy, 
AEs, of compounds with the zinc blende structure and of the Group IV elements with 
the diamond structure as a function of 7, Ax, and r,/r,. In each of the three isoelectronic 
series of substances shown in Table I we can investigate the variation of AE», as a 


TABLE I 


Substances in isoelectronic series considered 








Lattice spacing 





Substance ni AE cts at 0° K Ax* ain re/Tat 
Si 3 ‘2 -- 5.4308 I 
AIPt 3 3.0 0.6 5.43 1.145 
Ge 4 0.75 5.6575 1 
GaAs 4 1.53 0.5 5.64 1.068 
ZnSe 4 2.58 0.9 5.664 1.149 
CuBr 4 2.94 1 5.69 1.216 
Sn 5 0.08 -- 6.4892 l 
InSb 5 0.25 0.3 6.476 1.059 
CdTe 5 1.45 0.6 6.477 1.121 
Agl 5 2.8 0.75 6.50 1.195 














*Values taken from Gordy and Thomas’ (5) recently reviewed values of electronegativity. 

+Based on Pauling and Huggins’ tetrahedral radii (see e.g. Wells (12)). 

tA value of -AEobs = 5.0 ev for a hypothetical compound MgS with the zinc blende structure is consistent with the activation 
energies of the other members of the series with 7 = 3. MgS actually has the rock salt type of structure. 


2Since there are only bonds of one type in the zinc blende structure, it is reasonable not to have to consider 
the binding energy explicitly. This would not, however, be the case in, say, the chalcopyrites where bonds of 
two types occur and the energy gap would essentially depend on the weaker of the two bonds. 
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function of Ax at a constant 7% value and at an r,/r, value which is approximately constant 
(taking Pauling’s (7) single bond radii), or regularly increasing (taking tetrahedral radii, 
Pauling and Huggins (9)). We find (Fig. 1) that relationships of the type 


AEs = AEot+c. Ax? 


hold in each of these series when AE, is the activation energy of the isoelectronic Group 
IV element and ¢ and b are constants having the values depending on % given in Table II. 











TABLE II 
n AE» in ev c b 
3 1.21 2.97 1 
4 0.75 2.19 1.5 
s 0.082 6.4 3 





An approximately linear function of the average interatomic distance (lattice spacing) of 
substances in each of the three isoelectronic series is represented by ). 

The form of these relationships for the isoelectronic series of substances indicates that 
no distinction need be made between the III-V, II-VI, and I-VII compounds if suitable 
parameters are chosen to discuss their activation energies, so that questions of whether 
a formal transference of one, two, or three valence electrons from anion to cation takes 
place in these compounds are avoided. As far as we are aware it has only previously 
been possible to obtain relationships between activation energies and atomic or bulk 
properties of compounds with the zinc blende structure which are of one type, e.g. the 
III-V or the II-VI compounds. 

Using the above relationship for 7 values of 3, 4, and 5, we can derive the activation 
energy contours on an #% vs. Ax plot shown in Fig. 2 so that the observed activation 
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Fic. 2. Isoactivation energy contours on a % vs. Ax plot. These have been derived for the three iso- 
electronic series of compounds using the data in Fig. 1 and the unenclosed numbers are the observed acti- 
vation energies for these compounds. The numbers enclosed in rectangles are the observed activation 
energies of the remaining compounds with the zinc blende structure. 


energies of the remaining compounds with the zinc blende structure can be compared 
with the predicted values, AE,req. As such a diagram only allows us to take account of 
nm and Ax values, we would expect the observed and predicted activation energies of 
compounds to agree only if their r,/r, values were the same as those of the appropriate 
compounds of the isoelectronic series for which the contours were derived.’ As Table III 
shows, this is indeed the case. The activation energies of AlAs, GaP, and ZnS with 
nm = 3.5 (and HgTe) are correctly predicted to within an average of 3% as their r,/r, 
values differ little from those interpolated from the isoelectronic series of compounds 
(ie. A(r./r,) in Table III). On the other hand the predicted and observed activation 
energies of compounds with # = 4.5 and the remaining compounds with % = 4 and 
n = 5 differ widely, and this divergence systematically accompanies the difference 
between their r,/r, values and those of the isoelectronic series of compounds (A(r,/r,) in 
Table III). These compounds all contain one component atom from the fifth or sixth 
periods, the other coming from a lower period. The value of AEpreq is always too small 
when the anion comes from the fifth period and too large when the cation comes from the 
fifth or sixth periods. Now there is a much larger difference in atomic size between 
elements in the fourth and fifth periods, than between elements in the third and fourth, 


3In order to make this comparison with substances having fractional values of i, we interpolate values as 
follows, say for 7 = 4.6: 
(re/Ta)i mas = {(ro/ra)n a4 + (1o/ra)n = 5}/2. 


In order to compare the r./r_ values of compounds in the isoelectronic series with r./r, values of the remaining 
compounds we define 
A(re/ts) = (Te/Ts) isoelectronic compound — (7¢/?a) other compound 


comparing together III-V or II-VI compounds with the same hn, or interpolated n, values. Thus for example 
A(re/ta)cas = (Te/Ta) znse— (re/Ta) cas. 


The reason for this is that r./ra for tetrahedral radii 1s an approximately linear function of the atomic number 
of the anion or cation in a series of isoelectronic compounds going from the Group IV element to the I-VII 
compound, 
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TABLE III 
Compounds having % values from 3 to 5 which are not in the isoelectronic series considered 











AE obs AE prea (AE prea — AE obs) 

Compound fi (ev) Ax* (ev) (ev) te/ta* A(re/ra) t 

BAs 3 _ 0 1.2 Large and nega- 0.746 0.399 
tive (?) 

AlAs 3.5 2.16 0.5 1.99 —0.17 1.068 0.04 
GaP 3.5 2.23 0.6 2.23 0 1.146 —0.04 
ZnS 3.5 3.60 1.0 3.48 —0.12 1.260 —0.014 
AlSb 4 1.60 0.3 1.12 —0.48 0.927 0.141 
InP 4 1.34 0.6 1.76 0.42 1.309 —0.241 
CdS 4 2.42 1.0 2.94 0.52 1.423 —0.274 
GaSb 4.5 0.8 0.3 0.66 —0.14 0.927 0.136 
InAs 4.5 0.45 0.5 1.16 0.71 1.220 —0.156 
ZnTe 4.5 2.2 0.6 1.41 —0.79 0.992 0.143 
CdSe 4.5 1.74 0.9 2.74 1.0 1.298 —0.164 
HgSe 5 0.16 ? 0.6 1.45 1.29 1.298 —0.177 





*See footnotes to Table I. 
+See footnote on page 1194. 


or fifth and sixth, periods. In all of these compounds, therefore, with % having values 
of 4, 4.5, or 5, the values of r,/r, are appreciably larger or smaller, depending on whether 
the cation or the anion comes from the fifth period, than the values estimated from 
compounds of the three isoelectronic series upon which the % vs. Ax relationship for 
AE», was based. We would therefore expect that the polarization of the bonds and hence 
the effective atomic charges in these compounds would differ considerably from those in 
corresponding compounds of the isoelectronic series. 

Let us consider the polarization of, say, a III-V compound with the zinc blende 
structure; the basic assumption in considering the chemical bonding is that an electron is 
transferred from the five-valent atom to the three-valent atom so that each atom has 
four valence electrons and forms four shared electron pair bonds. The formal charges on 


++ 


the atoms are then :IIJI :V:. Polarization of the bonds in this structure involvés the 


movement of the electron pairs from the center of the bonds towards the five-valent 
atom, thus reducing the formal charges on the atoms. Therefore the greater the polari- 
zation, the smaller the effective charges on the atoms (provided of course that the 
polarization is not so strong as to reverse the charges on the atoms), and hence the smaller 
is the activation energy of the compound. The polarization depends on the relative sizes 
of the anions and cations and also on the principal quantum number of their valence 
electrons and on the electronegativity difference. The larger the cation and the smaller 
the anion, the greater is the polarization of the bonds in these compounds and we therefore 
take the ratio of the cationic to anionic radii, r,/r,, as a measure of the polarization. 
As shown in Table III, HgSe, InAs, CdSe, InP, and CdS, with r,/r, values con- 
siderably greater than those of compounds in the corresponding isoelectronic series, all 
have activation energies lower than those predicted, because a negative Ar,/r, value 
means a greater polarization of the bonds, smaller effective charges on the atoms, and 
hence lower activation energies. The converse is true for GaSb, ZnTe, AlSb, and BAs, 
which have positive Ar,/r, values and hence higher activation energies. 
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CONCLUSION 


We are thus led to the conclusion that the variation of the activation energy in com- 
pounds of the zinc blende type (with #% values from 3 to 5.5) is perfectly systematic 
and it can be accounted for by the use of three atomic properties, 7, Ax, and r,/rq. 
The treatment does not require that any particular distinction be made between the 
III-V, II-VI, and I-VII families of compounds. The apparently anomalously large 
or small activation energies of some compounds such as ZnTe and InAs, which have 
previously led to difficulties of interpretation, are shown to be the result of excessively 
small or excessively large polarization of the bonds when either the anion or the cation 
alone comes from the fifth or sixth periods. The discussion, however, fails to reach 
a satisfying quantitative conclusion since we have been unable to calculate the activation 
energies of all compounds with the zinc blende structure from the values of %, Ax, and 
r,/r, alone. Relationships giving the sign and magnitude of (AEpreq—AEops) in terms of 
A(r./r,) do exist, but they depend on the % value of the compounds. 

Our investigation suggests that the observed activation energy of SiC is lower than 
expected and this could be accounted for by polarization of the bonds, but there is 
little value in entering into a discussion of SiC, or in attempting to predict the activation 
energy of the compound BP, until the activation energy of cubic BN with % = 2 is known, 
since this would only involve uncertain extrapolations. 
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NOTE ADDED IN PROOF 


This correlation of the activation energies of compounds with the zinc blende structure 
is based on examination of compounds lying along a non-planar section in %-Ax-r,/r, 
space for which activation energy contours can be constructed. All compounds lying 
above this section, that is having greater r,/r, values, have activation energies smaller 
than those expected for a compound with the same #% and Ax values which lies in the 
section, and the converse is true for compounds with smaller r,/r, values which lie below 
the section. Compounds with r,/r, values lying in the section have their activation energies 
correctly predicted. This is in complete accord with the expected polarization of the 
bonds in these substances, provided that it is assumed that the cations still possess small 
effective negative charges and the anions positive charges (i.e. that the polarization is 
not so strong as to reverse the formal charges on the covalently bonded atoms). On 
the other hand the percentage ionic character of the bonds in these compounds deter- 
mined from infrared measurements (Picus et al. (10)) and microcleavage studies (Wolff 
(2)) suggests that the cations are positively charged and the anions are negatively charged. 
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THE BIOGENESIS OF ALKALOIDS 


XXIII. THE ROLE OF PROLINE AND ORNITHINE IN THE BIOGENESIS OF 
STACHYDRINE! 


A. V. ROBERTSON? AND LEO MARION 


ABSTRACT 


When methionine-Me-“C, pyridoxine, and folic acid were fed to growing alfalfa, the 
stachydrine isolated from the plant was radioactive. This observation supports the assumption 
that stachydrine arises from proline by methylation since pyridoxine has been shown to 
induce the formation of proline from ornithine in the plant. However, the administration of 
labelled ornithine, pyridoxine, folic acid, and methionine to alfalfa failed to produce the radio- 
active alkaloid. Similar experiments were performed in which methionine-Me-“C and folic 
acid, methionine-Me-“C and pyridoxine, and finally methionine-Me-“C alone were fed to 
alfalfa, and in each case the stachydrine isolated from the plant was radioactive, while the 
homostachydrine remained inactive. Feeding proline-carboxyl-C to alfalfa failed to produce 
radioactive stachydrine. It must be concluded that in alfalfa which is 2 to 3 weeks old, stachy- 
drine is actively synthesized although homostachydrine is not. The implications of these obser- 
vations are discussed. 


The biogenesis of stachydrine in alfalfa (Medicago sativa L. Grimm) has been studied 
in this laboratory for some time (1, 2, 3). In these studies the assumption has always been 
made that stachydrine was formed in the plant by methylation of proline, and that the 
latter has for its precursor ornithine. Indeed, in higher. plants, it has been shown that 
ornithine is the precursor of the disubstituted N-methylpyrrolidine ring of hyoscyamine 
(4) and of the monosubstituted N-methylpyrrolidine ring of nicotine (5, 6). Leete, Marion, 
and Spenser (1) administered ornithine-2-“C to 2-week-old alfalfa seedlings, but found 
that the stachydrine isolated from the plants a week later was not radioactive. In further 
experiments this result was confirmed, and it was established that the proline in the 
plant was not active either although glutamic acid, aspartic acid, and glycine were (2). 
Even in 12-week-old alfalfa, stachydrine and proline were not actively synthesized from 
ornithine (2). When, however, ornithine-2-“C together with pyridoxine was adminis- 
tered to 7-day-old seedlings, the proline isolated from the plants 12 days later was radio- 
active although the stachydrine was not (2). Feeding glutamic acid-2-“C and pyridoxine 
to 2-week-old alfalfa seedlings also produced radioactive proline, but again the stachydrine 
was inactive (3). The effect of feeding radioactive glutamic acid without pyridoxine has 
not been examined. To test the possibility that stachydrine formation might not occur 
until a later stage of growth, ornithine-2-“C was fed to flowering alfalfa plants, 9 months 
old, but the stachydrine subsequently isolated was not radioactive (7). 

From the foregoing results it was concluded that although the conversion of glutamic 
acid and ornithine to proline occurs in the presence of pyridoxine the methylation of 
proline to stachydrine does not take place in alfalfa at an age of 2-3 weeks. In an attempt 
to stimulate the plant methylation processes, alfalfa seedlings were treated with ornithine- 
2-4C, pyridoxine, and methionine, but the stachydrine obtained showed no radioactivity 
(7). In a further effort to enhance the probability of methylation, Wiehler and Marion 
(3) found that after feeding methionine-Me-"C, pyridoxine, and folic acid, the stachydrine 
was radioactive. On the assumption that proline was the precursor of stachydrine, they 
concluded that the young plants were deficient in folic acid and that the artificial appli- 
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cation of this compound had induced the biosynthesis of stachydrine. However, if the 
substance being methylated to produce stachydrine is not proline, other interpretations 
are possible, and the purpose of the present work was to examine this possibility. Never- 
theless it is definitely established that although proline is a normal constituent of alfalfa, 
no interconversion with ornithine takes place in plants 2-3 weeks old unless pyridoxine 
is added; interconversion between glutamic acid and proline also occurs in the presence 
of pyridoxine. 

If folic acid is really a necessary co-factor for the biological methylation of proline then 
administration of ornithine-2-“C with pyridoxine and folic acid should produce radio- 
active stachydrine. This experiment was performed on plants 2 weeks old, and inactive 
methionine and ornithine were added as well to boost the concentration of these amino 
acids. The purified mixture of stachydrine and homostachydrine hydrochlorides (8) 
isolated after a week was not radioactive. The result was surprising and it suggested that 
the presence of folic acid was incidental to the formation of radioactive stachydrine from 
Me-labelled methionine. A small scale repetition of the experiment of Wiehler and 
Marion using radioactive methionine, pyridoxine, and folic acid confirmed their result. 
Similar experiments were then performed on 2-week-old alfalfa by feeding methionine- 
Me-*C and folic acid, methionine-Me-“C and pyridoxine, and finally methionine-Me-"C 
alone. In all of these experiments the betaine fraction was radioactive, and paper chromato- 
graphic assay showed the whole of the activity was present in the stachydrine and that 
the homostachydrine was inactive. These results lend further support to the suggestion 
made in Part XXI of this series of studies (9) that homostachydrine is not formed 
until a later stage of development and that translocation of this alkaloid stored in the 
seeds is the reason for its isolation from alfalfa seedlings. From the facts described it 
seems that at least a partial synthesis of stachydrine is actively going on in the plant 
during the first 3 weeks of growth in the absence of pyridoxine and folic acid, and also 
that proline might not be involved in the chain of precursors. As a check on the role of 
proline in stachydrine biogenesis, proline-carboxyl-“C was fed to alfalfa on the 17th day 
of growth and after 2 days the plants were harvested. The crystalline mixture of stachy- 
drine and homostachydrine hydrochlorides was not radioactive. 

To sum up, and assuming that ornithine-2-“C in conjunction with pyridoxine is 
equivalent to proline-2-“C, the radioactivity of ring-labelled or carboxyl-labelled proline 
is not incorporated in stachydrine at a plant age when experiments with methionine- 
Me-"C indicate that the synthesis of the alkaloid is taking place. At first glance these 
results indicate that proline is not a precursor of stachydrine, but this conclusion is 
difficult to accept on general chemical and biogenetic grounds. Assuming, however, 
that the alkaloid is in fact derived from the expected amino acids, there are three hypoth- 
eses which are not eliminated on the basis of the present evidence. Firstly stachydrine 
may be ultimately derived from the expected amino acid precursors, but the stages of the 
synthesis occur at different times so that the final step is a methylation of an inter- 
mediate which is so far undetected in alfalfa, and which is preformed from proline and 
stored in some suitable form. Secondly there may be a specific reversible equilibrium 
between preformed stachydrine (the alkaloid having been formed from the amino acid 
at a different period of growth) and administered methionine or some intermediate 
to which methionine-methyl may be transferred, leading to methyl exchange, such as 


2-S-adenosylmethionine-Me* + stachydrine-Me = 2-S-adenosylmethionine-Me + stachydrine-Me*. 


Thirdly* the site of stachydrine |synthesis may be highly localized and possibly not 


8We are grateful to Dr. I. D. Spenser, McMaster University, for suggesting this third possibility. 
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all amino acids can enter this site preformed. For instance, yeast cells readily assimi- 
late methionine, but do not apparently take up proline (10). Methionine (or at least its 
methyl group) can obviously penetrate the site of stachydrine synthesis, and it could be 
assumed that proline, glutamate, and ornithine cannot, and must be formed in situ to be 
utilized. This would explain the finding that radio-proline, when fed, did not give rise 
to stachydrine, and that proline, isolated after administration in the presence of pyri- 
doxine of radio-ornithine or radio-glutamate, was labelled, whereas stachydrine was not. 

The second of these assumptions involving a methylation equilibrium is not too 
probable, because processes involving only the betaine methyl groups are unlikely 
since homostachydrine is not affected. In the first hypothesis N-methyl proline (hygric 
acid) should be involved, and the results of feeding carboxyl-labelled hygric acid are 
being examined. It seems that either the first or third hypothesis is more probable than 
the assumption that proline might not be a precursor of stachydrine. 


EXPERIMENTAL 


The alfalfa seedlings were grown and the alkaloids were isolated as described previ- 
ously (9). 


Radioactive Ornithine Experiment 

Alfalfa seeds (300 g) were germinated on glass wool in 10 trays (2030 cm). On the 
16th day, DL-ornithine-2-“C-monohydrochloride (208.5 mg, total activity 5107 d.p.m., 
purchased from Tracerlab Inc.), DL-methionine (100 mg), folic acid (2 mg), and pyri- 
doxine hydrochloride (2 mg) were administered in nutrient solution. These materials 
were fed again in the same quantities on the 21st day and the plants were harvested the 
next day. The alcoholic extract of the dried plants contained 3% of the radioactivity 
administered, and 0.465 g of betaine hydrochlorides was obtained. After purification 
via the mercuric chloride complex and recrystallization, the mixture of stachydrine and 
homostachydrine hydrochlorides was radioinactive. 


Radioactive Methionine Experiments 
For each of these four experiments, 30 g of seeds were germinated in one tray. On the 
16th day, the plants were fed the following compounds in aqueous solution: 


Experiment 1.—Methionine-Me-“C (25 mg, total activity 3.05 X 107 d.p.m.), pyridoxine 
hydrochloride (1 mg), folic acid (0.5 mg). 

Experiment 2.—Methionine-Me-"C as for 1, folic acid (0.5 mg). 

Experiment 3.—Methionine-Me-“C as for 1, pyridoxine hydrochloride (0.5 mg). 

Experiment 4:—Methionine-Me-"C as for 1. 


After 1 day only 1-2% of the radioactivity remained in the nutrient solutions and only 
0.1-0.3% after 2 days, so the plants were harvested on the 18th day. The alcoholic 
extract contained 11-13% of the activity administered. The alkaloid fractions were 
purified by means of a mercuric chloride precipitation but the mixture of betaines was 
very difficult to crystallize because of inorganic and other impurities which could not be 
removed on this small scale. The alkaloid mixtures had activities of about 400 d.p.m./mg, 
and paper chromatographic assay (3) in butanol -—hydrochloric acid and ethanol- 
ammonia (9) showed that the stachydrine contained all the radioactivity in each case. 
The crude choline reineckate from each experiment was radioactive and averaged about 
500 d.p.m./mg. 


Radioactive Proline Experiment 
Alfalfa seeds (250 g) were grown in 10 trays. On the 17th day, proline-carboxyl-C 
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(9.2 mg, total activity 6.410’ d.p.m., purchased from Volk Radiochemical Co.) was 
fed, as usual. A small part of this activity (3.5%) remained in the nutrient solution 
after 1 day, and less than 2% after 2 days. The plants were harvested on the 19th day. 
The alcoholic extract contained 1.8% of the radioactivity administered. Sixty-eight per 
cent of the activity in the extract was present in the protein fraction, and the remaining 
activity stayed in the filtrate after precipitating the betaine reineckates. The pure 
crystalline mixture of stachydrine and homostachydrine hydrochlorides (0.283 g) was 


not radioactive, nor was the crystalline asparagine (2.53 g) or choline chloride (0.46 g). 
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DEGRADATIVE STUDIES ON 2-CARRAGEENIN! 
K. MorGan? ano A. N. O'NEILL? 


ABSTRACT 


d-Carrageenin was subjected to partial acetolysis. Chromatography of the deacetylated 
products on charcoal led to the isolation of D-galactose, 3-O-a-p-galactopyranosyl-D-galactose 
(A), and a crystalline trisaccharide (B) tentatively identified as O-a-p-galactopyranosyl- 
(1 — 3)-O-a-D-galactopyranosyl-(1 — 3)-p-galactose. Periodate oxidation of the polysac- 
charide indicated the presence of more than one type of linkage in the polymer. 


The name carrageenin (1, 2) was first applied to the polysaccharide which can be 
extracted with hot water from certain red seaweeds, where it occurs as an intercellular 
constituent. The main source of carrageenin is the alga Chondrus crispus, but similar 
material has been isolated from C. ocellatus (3) and Gigartina stellata (4). 

In 1953, Smith and Cook (5) reported the separation of two major discrete polysac- 
charide components from carrageenin. This was achieved by fractionation with potassium 
chloride which, when added to a dilute solution of carrageenin, causes one component 
to gel. This gel fraction, which constitutes approximately forty per cent of unfractionated 
carrageenin, has been designated x-carrageenin. It has been shown (6) to be composed 
of residues of 3,6-anhydro-pD-galactose and sulphated pD-galactose in approximately 
equimolar amounts. The other major polysaccharide component is insensitive to potas- 
sium ion, and can be recovered from the mother liquor by ethanol precipitation (5, 7, 8); 
this fraction has been termed A-carrageenin. In addition to x- and \-carrageenin, minor 
amounts of other polysaccharides occur in carrageenin preparations as indicated by the 
detection of small amounts of L-galactose, glucose, and xylose in hydrolyzates (8). 

Although the structure of \-carrageenin has not been extensively investigated, results 
from X-ray analysis (9) and periodate oxidation (8) of the polysaccharide, together 
with data from methylation of unfractionated carrageenin (4, 10, 11, 12), suggest that it 
consists essentially of a sulphated galactan in which pD-galactose residues are linked 
glycosidically through positions 1 and 3, and bear sulphate half-ester groups on position 
4. The purpose of the present work was to obtain definitive evidence for the fundamental 
structural linkage in A-carrageenin. 

The polysaccharide was isolated from commercial carrageenin by fractionation with 
potassium chloride (5, 7, 8). Analytical figures for three separate preparations are shown 
in Table I. Acid hydrolyzates of the preparations were shown chromatographically to 
contain galactose and a trace of xylose only. 

Since sulphated polysaccharides do not lend themselves easily to examination by 
exhaustive methylation, a method involving partial degradation was indicated. This 
was accomplished most satisfactorily by acetolysis, in which degradation of the polymer 
was accompanied by rapid desulphation to give a good yield of neutral oligosaccharide 
acetates. 

\-Carrageenin was treated with a mixture of acetic anhydride and acetic acid containing 
sulphuric acid (6%) at 25° C for 71 hours, and the sulphate-free product was deacetylated 
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TABLE I 
Analytical results for \-carrageenin preparations 











Total Molar ratio, 
Galactose, 3,6-Anhydro-p- SO;3K, recovery, galactose 
Preparation [a]?5+ % galactose, %t % % SO;K 
»-1 +69 .8° 46.2 2.1 46.8 93.0 0.74 
-2 +71.2° 48.3 1.4 47 .6 95.9 0.75 
h-IP* +71.2° 48.2 1.0 47.8 96.0 0.75 





*Refractionated material from sample A-1. 
tc, 0.33 in water. 
{Determined colorimetrically (28). 


with methanolic sodium methoxide. The reducing power of the solution corresponded 
to an apparent degree of conversion into galactose of 45%. The deacetylated acetolyzate 
was adsorbed on a column of charcoal—Celite. Elution with water yielded pD-galactose, 
characterized as its 6-penta-acetate, and a small amount of xylose, detected chromato- 
graphically. The oligo- and higher saccharides were recovered by elution of the column 
with aqueous ethanol (50% v/v). Hydrolysis of a small portion, followed by chromato- 
graphic examination, indicated that the oligosaccharides present were composed of 
galactose residues only. 

The oligosaccharides were separated on a charcoal—Celite column by stepwise elution 
with aqueous ethanol (13) (see Fig. 1). One disaccharide (A), one trisaccharide (B), and 
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Fic. 1. Charcoal fractionation of oligosaccharide mixture from a deacetylated acetolyzate of A-carra- 
geenin. 


an impure tetrasaccharide fraction (C) were isolated. These travelled on chromatograms 
at the relative rates expected for a polymer-homologous series (14). A fraction (D) 
containing the higher saccharides was also recovered from the column. The physical 
properties of the di- and tri-saccharides and their derivatives are recorded in Table II. 

The disaccharide (A) was not obtained crystalline but afforded crystalline B-octa-O- 
acetyl and phenylosazone derivatives. On paper chromatograms and ionophoretograms 
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TABLE II 





Properties of the products from a deacetylated acetolyzate of \-carrageenin (45.0 g) 








B-Acetate derivative t 








Yield 
Sugars (g) M.p. [ax] ?5+ M.p. la}?5 
Monosaccharide 3.8 —- +80.0° 142° +23.7° 
Disaccharide 3.45 -- +155 .0° 157 .5-158 .5° +109.1° 
Trisaccharide 2.15 237-239° (decomp.) +146.0° 275-277° +105.5° 
Tetrasaccharide* 2.15 “= a — — 


Higher molecular weight 6.0 
sugars 





*Contains trace of contaminating trisaccharide. 


tin water. 
tIn chloroform. 


it was located as a single discrete spot and moved at markedly different rates from those 
of 4-O- and 6-O0-a-D-galactopyranosyl-pD-galactose. Its high specific optical rotation 
(+155°, water) indicated that it was a-linked, and distinguished it from 3-O-8-p-galacto- 
pyranosyl-p-galactose, which has [a]lp +63° (15). Hydrolysis of the methylated disac- 
charide yielded 2,3,4,6-tetra-O-methyl-p-galactose and 2,4,6-tri-O-methyl-p-galactose, 
characterized as their crystalline aniline derivatives. Periodate oxidation (25) of the 
disaccharide (1 mole) under unbuffered conditions led to an initial rapid uptake of 
4.2 moles of oxidant and the production of 2.2 moles ‘of formic acid (see Fig. 2). The 
disaccharide is thus identified as 3-O-a-b-galactopyranosyl-D-galactose. 
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The trisaccharide (B) crystallized, and gave a crystalline 6-hendeca-O-acetyl derivative. 
Partial hydrolysis of the trisaccharide yielded galactose and one disaccharide only. 
The latter was chromatographically and ionophoretically indistinguishable from (A). 
Its specific optical rotation (+ 146°, water) suggested that both galactosidic linkages 
were in the a-configuration. Periodate oxidation (25) of the trisaccharide gave results 
similar to those obtained for the disaccharide as shown in Fig. 3, thereby indicating that 
both glycosidic linkages are (1 — 3). The trisaccharide is therefore suggested to be 
O-a-bD-galactopyranosyl-(1 — 3)-O-a-p-galactopyranosyl-(1 — 3)-p-galactose. 

Portions of fractions (C) and (D) were partially hydrolyzed. Chromatographic and 
ionophoretic examinations of the hydrolyzates indicated the presence of one disaccharide 
and one trisaccharide, the mobilities of which were identical with those of (A) and (B), 
respectively. 

Oxidation of the three separate preparations of A-carrageenin in 0.05 M sodium 
metaperiodate resulted in each case in the uptake of 0.15 mole of periodate and the 
production of 0.05 mole of formic acid per anhydrogalactose residue. 


DISCUSSION 


The foregoing results corroborate the evidence of Smith ef a/. (8) that the \-carrageenin 
molecule is composed mainly, if not exclusively, of D-galactopyranose residues. Also, 
their conclusion that the xylose found in carrageenin hydrolyzates arises from a con- 
taminating xylan is supported by the fact that the total oligo- and higher saccharide 
fraction isolated in the present work was free from xylose residues. The analyses of 
\-carrageenin preparations for galactose and sulphate (Table I) show that a large pro- 
portion of the galactose residues are disulphated. 

The structural evidence presented here shows that the A-carrageenin molecule is 
composed mainly of a-1:3 galactosidic linkages, and also suggests that the di-, tri-, and 
tetra-saccharides, (A), (B), and (C), are members of a homologous series composed 
uniformly of a-(1 — 3)-linked-p-galactopyranose residues. The substantial yield of these 
sugars, and the failure to detect the presence of other di- and tri-saccharides in the 
deacetylated acetolyzate, indicate a paucity in the polymer of other types of linkages. 
That other linkages are present, however, is clear from the fact that A-carrageenin is 
susceptible to periodate ion. The periodate uptake and the yield of formic acid observed 
in the present work correspond to the presence, for every 20 D-galactose residues, of 
one residue bearing three contiguous, unsubstituted hydroxyl groups, and of a second 
residue bearing two such hydroxy! groups. Methylation data for unfractionated carra- 
geenin (4, 10, 11, 12) indicate the presence of some 1 — 6 linkages in the polysaccharide 
mixture. In the A-carrageenin molecule, therefore, two such linkages may be present for 
every 20 residues. Whether these linkages occur in linear chains of galactose residues, or 
constitute branch points, remains quite obscure, as also does the distribution of the 
half-ester sulphate groups. 


EXPERIMENTAL 


Chromatograms were developed on Whatman No. | filter paper with the following 
solvent systems: (a) 1-butanol-ethanol-water (4:1:1); (0) 1-butanol—pyridine—water 
(6:4:3); (c) 1-propanol — ethyl acetate — water (6:1:3); and (d) 1-butanol — acetic acid — 
water (4:1:5; upper phase). Sugars were located by spraying with benzidine (16), silver 
nitrate (17), or aniline hydrogen phthalate (18) reagents, and their mobilities are quoted 
relative to galactose (Rea). 
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Electrophoresis was carried out using Whatman No. 1 paper, supported horizontally, 
and a borate buffer (pH 10) (19). A potential difference of 500-600 v was applied, 
corresponding to a current of ca. 20-25 ma. Sugar spots were detected with the benzidine 
spray reagent (16). 

Melting points were determined with a Kofler micro melting point apparatus. Solutions 
were concentrated under reduced pressure at 40-45° C. Polysaccharide samples were 
analyzed for galactose by complete hydrolysis and then determination of the reducing 
sugar by the Somogyi method (20). Sulphate determinations were made on completely 
hydrolyzed polysaccharide samples by precipitation with barium chloride. 


Preparation of \-Carrageenin 

An aqueous solution of commercial carrageenin‘ was treated with potassium chloride, 
and the resulting gel removed as previously described (7, 8). The A-carrageenin was 
precipitated from the mother liquor by addition of ethanol to a final concentration of 
38-40% (v/v), and was collected in a Sharples centrifuge. After the precipitate was 
washed with aqueous ethanol (50% v/v), followed by ethanol, and then ether, a white 
fibrous polysaccharide (A-1) was obtained. The yield from 65 g of commercial carrageenin 
was 20 g. A further quantity (A-2; 30 g) was prepared in the same way. 

A portion (3 g) of A-1 was dissolved in aqueous potassium chloride (0.25 M; 1.751.) 
at 65° C. The solution was cooled to 20° C and centrifuged at 15,000 r.p.m. for 30 minutes, 
when a small amount of gel separated. Addition of aqueous “Cetavlon’”’ (20% w/v; 
25 ml) to the centrifugate yielded a precipitate (21) which was separated by centrifu- 
gation, washed with water, and dissolved in aqueous potassium chloride (2 M; 1 1.). 
Ethanol (1 1.) was added, and the precipitated material was collected (centrifuge) and 
washed with aqueous ethanol (60% v/v). The precipitate was then dissolved in: water 
(750 ml) and the solution dialyzed against aqueous potassium acetate (0.0025 M) until 
free from chloride ion. From the impermeate a purified sample of A-carrageenin (A-IP; 
2.25 g) was recovered in the usual way. 

Analytical figures for preparations \-1, A-2, and A-IP are given in Table I. In each 
case, samples hydrolyzed with 0.1 N hydrochloric acid at 100° C for 24 hours yielded 
galactose and a trace of xylose only, detected chromatographically. 


Partial Acetolysis of \-Carrageenin 

A sample of \-carrageenin (A-1 + A-2; 45 g), dried im vacuo at 60° C for 24 hours, was 
added slowly during 30 minutes to a rapidly stirred mixture of acetic anhydride (250 ml), 
glacial acetic acid (180 ml), and concentrated sulphuric acid (25 ml) at 0-5° C. After 
the mixture was shaken at 25° C for 71 hours the small amount of insoluble material 
which remained was removed by filtration. The filtrate was poured into ice-cold water 
(2.5 1.), which was then made neutral to Congo red with solid sodium bicarbonate. The 
precipitated material was separated by filtration, washed with water, and dried to a 
white, amorphous powder (29.5 g). The filtrate was extracted by shaking with chloroform 
(3500 ml), and the combined chloroform extracts dried and concentrated to a yellow 
syrup (10.2 g). The two products contained no detectable sulphate, and were combined. 
The total product (39.5 g) was dissolved in methanol (410 ml), and a solution of sodium 
methoxide (0.5% sodium in methanol) (135 ml) was added. The mixture was kept at 
5° C for 20 hours, and water was then added until the precipitated sugars just redissolved. 
The solution was neutralized with Amberlite resin IR-120, filtered, and concentrated to a 
syrup (22.0 g). The reducing power of the product corresponded to an apparent degree 


‘Product of the Seaplant Chemical Corporation, New Bedford, Mass., U.S.A. 
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of conversion into galactose of 45%. Chromatographic examination indicated the 
presence of galactose and a trace of xylose, together with three oligosaccharide components 
(A, B, and C) which had Rg, values in solvent d of 0.56, 0.33, and 0.20, respectively. 
Some higher saccharides were also present. 


Fractionation of the Deacetylated Acetolyzate 

The above product (22 g) was adsorbed on a column of charcoal—Celite (1:1 w/w; 
adsorbent, 904.8 cm), and the monosaccharide components removed by elution with 
water (1 1.). The oligo- and higher saccharides were recovered by elution of the column 
with aqueous ethanol (50% v/v; 5 1.); the eluate was concentrated to a syrup (18.3 g), 
a portion of which, when hydrolyzed in 0.1 N hydrochloric acid at 100° C for 24 hours 
and examined chromatographically, revealed the presence of galactose only. 

The oligo- and higher saccharide mixture was readsorbed on a column of charcoal- 
Celite (1:1 w/w; adsorbent, 68 X8.0 cm), which was then eluted stepwise with increasing 
concentrations of ethanol in water (13). Fractions (150 ml) were collected under reduced 
pressure as described by Whelan et al. (22). The course of the elution was followed 
polarimetrically (see Fig. 1). Appropriate fractions were combined, concentrated to 
dryness, and examined chromatographically. 

Elution of the column with 8% (v/v) aqueous ethanol displaced component A (3.75 
g in 2.5 1.). Aqueous ethanol (15% v/v; 2.5 1.) then displaced component B (2.15 g), and 
fraction C (2.15 g) was eluted with 20% (v/v) aqueous ethanol (2.5 1.). The higher 
saccharides, D (6.0 g), were then eluted with 50% (v/v) aqueous ethanol (5 1.). 


Examination of the Fractions 

(i) Monosaccharide Components 

Concentration of the aqueous eluate from the first charcoal—Celite column afforded 
a syrup (3.8 g) which was shown chromatographically to contain galactose and a trace of 
xylose. A portion (1 g) was acetylated with acetic anhydride and sodium acetate 
(23), and yielded 8-p-galactopyranose penta-acetate, m.p. 142°C, [a]?> +23.7° (c, 0.6, 
chloroform). 

(it) Component A 

The amorphous powder, [a]?° +155° (c, 0.3, water), had Rew 0.56 (solvent 8). 
Authentic specimens of '4-O- and 6-O-a-p-galactopyranosyl-pD-galactose had Re 0.50 
and 0.35, respectively, in the same solvent, and had ionophoretic mobilities different 
from that of A. The molecular weight of the sugar, determined iodomeirically (24), was 
330. 

Oxidation of the disaccharide (71.6 mg) in sodium metaperiodate (0.125 M; 50 ml) 
is illustrated in Fig. 2. Both periodate uptake and formic acid liberation were followed 
iodometrically (25). Extrapolation of the overoxidation curves indicated that in the 
initial rapid oxidation, the disaccharide (1 mole) consumed 4.2 moles of periodate and 
yielded 2.2 moles of formic acid. 

Acetylation of the disaccharide (23) (800 mg) yielded a crystalline 8-octa-acetate 
(800 mg) which, after recrystallization from ethanol, had m.p. 157.5-158.5° C and 
[a]?* +110.2° (c, 0.5, chloroform). Calculated for C2sH3sOw: C, 49.3%; H, 5.6%. 
Found: C, 49.53%; H, 5.76%. 

A solution of the disaccharide (200 mg) in water (2 ml) was heated at 100° C with 
phenylhydrazine (1.5 ml) and 2 N acetic acid (7.5 ml) to yield a crystalline phenylosazone 
which, after recrystallization from ethanol, had m.p. 227-229° (decomp.) and [a]?5 
+114.6° (c, 0.2, pyridine). 
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A solution of the disaccharide (430 mg) in water (3 ml) was stirred at 0°C in an 
atmosphere of nitrogen; dimethyl sulphate (2 ml) and aqueous sodium hydroxide (30% 
w/w; 3 ml) were added. After 2 hours the solution was warmed to 25° C, treated with 
dimethyl sulphate (9 ml) and aqueous sodium hydroxide (30% w/w; 5 ml), added over 
a period of 45 minutes, and then warmed to 40° C for 1 hour. Methylation in this way 
was repeated three times. The solution was then heated at 100° C for 2 hours, neutralized 
with acetic acid, and extracted with chloroform. Evaporation of the extract afforded a 
syrup, which was further methylated three times with methyl iodide (20 ml) and silver 
oxide (4 g). The product crystallized, and after two recrystallizations from n-hexane 
(yield 143 mg) it had m.p. 110-115° C, [a]?° +95.5° (c, 0.7, chloroform). Found: OMe, 
53.9%. Calculated for CooH3s01;: OMe, 54.6%. 

The methylated disaccharide (60 mg) was hydrolyzed in 0.25 N sulphuric acid (5 ml) 
at 100° C for 20 hours. The solution was then neutralized with barium carbonate, filtered, 
and concentrated to a syrup (55 mg). Chromatography of the hydrolyzate indicated the 
presence of two components, X and Y, which travelled at rates identical with those 
of 2,3,4,6-tetra-O-methyl-p-galactose and 2,4,6-tri-O-methyl-pD-galactose, respectively. 
They were separated on a sheet of Whatman No. 3 MM paper with benzene—ethanol- 
water (200:47:15 v/v; upper phase) (26) as the developing solvent. 

Component X afforded a crystalline aniline derivative which, after recrystallization 
from ethanol and ethyl acetate, had m.p. 198-199° C, undepressed on admixture with 
N-phenyl-2,3,4,6-tetra-O-methyl-p-galactosylamine, and [a]? —79.6° — —36.4° (24 
hours) (c, 0.5, acetone). 

Component’ Y crystallized, and was recrystallized from ethyl acetate — petroleum 
ether. It had m.p. 103—105° C. The derived N-phenyl-glycosylamine had m.p. 173-174° C, 
undepressed on admixture with N-phenyl-2,4,6-tri-O-methyl-p-galactosylamine, and 
[a]?> —91° — —41° (24 hours) (c, 0.4, acetone). For purposes of comparison, authentic 
2,4,6-tri-O-methyl-p-galactose was prepared by the method of Bell (27). 

(11) Component B 

The amorphous material had Req 0.26 (solvent 5). It was crystallized from 95% 
(v/v) aqueous methanol and the product had m.p. 237—239° C (decomp.) and [a]?* + 146° 
(c, 0.5, water). Upon partial hydrolysis in 0.1 N hydrochloric acid the trisaccharide 
yielded galactose and one disaccharide only, detected chromatographically. The latter 
was chromatographically and ionophoretically indistinguishable from 3-O-a-D-galacto- 
pyranosyl-p-galactose. 

The molecular weight of the suga~ was found (24) to be 490. Calculated for CygH320;¢: 
C, 42.87%; H, 6.35%. Found: C, 42.38%; H, 6.44%. 

Oxidation of the trisaccharide (81 mg) with sodium metaperiodate (0.125 M; 50 ml) 
(25) gave results, illustrated in Fig. 3, similar to those obtained for the disaccharide 
(see Fig. 2). The trisaccharide (1 mole) consumed 4.02 moles of periodate and yielded 
1.93 moles of formic acid. 

Acetylation of the trisaccharide (500 mg) (23) afforded a crystalline 6-hendeca-acetate 
(100 mg). After recrystallization from ethanol the product had m.p. 275-277° C and 
[a]?> +106.0° (c, 0.05, chloroform). Calculated for CaoHssOig: C, 49.70%; H, 5.60%. 
Found: C, 49.48%; H, 5.69%. 

(iv) Fraction C 

Paper chromatography of this fraction revealed the presence of a small amount of 
contaminating trisaccharide. Partial hydrolysis of a small portion in 0.1 N hydrochloric 
acid for 1 hour, followed by paper chromatography, showed that galactose, one disac- 
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charide, and one trisaccharide were present in the hydrolyzate. The chromatographic 
mobilities of the di- and tri-saccharides corresponded to those of components (A) and 
(B), respectively. 

(v) Fraction D 

This fraction contained the penta- and higher saccharides from the deacetylated 
acetolyzate. Partial hydrolysis of small portions in 0.1 N hydrochloric acid for periods 
of 1, 2, 3, and 5 hours yielded in each case only one di-, one tri-, and one tetra-saccharide, 
detected chromatographically. These had Rg, values identical with those of the com- 
ponents (A), (B), and (C), respectively. 


Periodate Oxidation of \-Carrageenin 

A sample of \-carrageenin (637 mg) was oxidized with sodium metaperiodate (0.05 M; 
250 ml). The reaction solution was stored in the dark at 25° C, and at intervals aliquots 
were removed for the determination of the periodate uptake and formic acid production. 
Determinations were made at each time in duplicate. 

(a) Pertodate Uptake 

An aliquot (10 ml) was transferred to a flask containing 0.05 N sodium arsenite (25 ml) 
and after 15 minutes the excess sodium arsenite was titrated against 0.02 N iodine. 








Time (hours) 2 4.5 7.5 29 55 103 127 #175 217 4290 318 
Periodate uptake 
(moles X10?) 7.8 9.4 9.4 11.2 11.9 12.7 12.7 14.7 15.0 14.7 15.2 





(b) Formic Acid Production 

An aliquot (5 ml) was added to ethylene glycol (0.5 ml) and the solution stored in the 
dark at 25°C for 30 minutes. Neutral potassium iodide (10% w/v; 2 ml) was then 
added and the liberated iodine titrated rapidly against 0.005 N sodium thiosulphate. 








Time (hours) 1.5 5 19 43 74 118 165 193 212 
Formic acid pro- 
duced (moles X10?) 1.3 2.0 - 2.7 2.9 3.4 3.8 5.1 5.1 5.0 
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RADIATION-INDUCED ADDITION OF HBr TO C:H, IN THE 
GASEOUS STATE! 


D. A. ARMSTRONG? AND J. W. T. SPINKS 


ABSTRACT 


The gas phase addition of hydrogen bromide to ethylene in a pyrex irradiation cell was 
induced by the action of Co® y-rays. Dose rates were calculated by means of the Bragg—Gray 
cavity principle from saturation ionization currents measured in air in a similar cell. The 
only product detected was ethyl bromide and the ion pair yield was of the order of 10°. The 
rate of addition was followed with an electrically adjusted ‘spoon gauge’”’ and was studied (a) 
with HBr in great excess, (b) with HBr and C2H, in equal concentration, (c) with CeH, in 
great excess. For condition (a) the rate showed a first-order dependence on [Ce H,], an approxi- 
mate second-order dependence on [HBr], a negative temperature coefficient, and a dose 
rate exponent of unity. It was concluded that the reaction rate was determined by the same 
step as for the photobromination reaction and that wall termination predominated. For 
conditions (b) and .(c) the dose rate exponent was found to be approximately 0.5 indicating 
a predominance of mutual termination. Definite conclusions with regard to the termination 
reaction were not possible but the data suggested that certain ion—molecule reactions may 
precede ion combinations. 


Investigations of the fast electron or y-radiolysis of gaseous systems are usually 
hindered by the low product yields obtained. However, in systems where there is a 
free radical chain reaction of appreciable chain length this difficulty should be con- 
siderably reduced. Such chain reactions are to be found in the addition of halogens and 
hydrogen halides to the olefins. Quantum yields of 10‘ or greater have been observed 
(1, 2) in the photosensitized bromination of ethylene, and although the gas phase addition 
of hydrogen halides to the olefins has not been investigated in very great detail, the 
work of Vaughan, Rust, and Evans (3) indicated that an analogous type of chain reaction 
was probably responsible for the rapid photoaddition of hydrogen bromide to ethylene 
and propylene. These considerations, together with the relative ease with which hydrogen 
bromide can be handled, and the fact that its X-radiolysis in the gaseous state has 
recently been investigated (4), led to the choice of the hydrogen bromide — ethylene 
reaction as the subject for the present study. 

The work of Vaughan, Rust, and Evans was largely confined to the addition of 
hydrogen bromide to propylene. They found that the photochemical reaction was 
extremely rapid, provided the wave length of the light used was sufficiently short for 
dissociation of the hydrogen bromide into a hydrogen and a bromine atom (< 2900 A). 
Photosensitization at longer wave lengths could be achieved by the addition of acetone, 
bromine, and lead tetraethyl (or other substances which gave rise to free radicals on 
photolysis). In all cases the ‘‘abnormal” type addition was observed, the product being 
almost entirely -propyl bromide. Methyl iodide and iodine inhibited the reaction. Large 
quantities of oxygen somewhat reduced the rate of addition and gave rise to significant 
yields of an oxidation product, but, in contrast to the bromination reaction (cf. 1, 2), 
complete inhibition by oxygen was never observed. 

The ethylene reaction proceeded at about the same rate as the propylene reaction, 
and ‘‘the data of certain individual experiments” indicated an approximate proportion- 
ality between the rate of ethyl bromide formation and the product of the hydrogen 
bromide and ethylene concentrations. The effect of oxygen on the ethylene reaction was 

1Manuscript received February 25, 1959. 
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similar to its effect on the propylene reaction. A mechanism for the addition, which 
involved bromine atoms and bromo-ethyl free radicals, was proposed. 

In this study the main characteristics of the radiation-induced addition were examined, 
and where possible the results have been discussed in the light of data obtained from 
the photochemical studies already mentioned. 


EXPERIMENTAL 
The 90-c Co® unit, which was used as the source of radiation in all experiments, has 
been described (5). 
A diagram of the jacketed pyrex irradiation cell is given in Fig. 1. One end of the 
cell, A, was attached through capillary tubing to a 2-mm-bore vacuum-seated stopcock, 
C, and a ground joint. The opposite end was similarly connected to a ‘“‘spoon gauge”’, 


RESISTANCE 
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ADJUSTABLE 
CONTACT, H 
BOILER ; TO 


MANOMETER 


Fic. 1. The apparatus. 


D, and a cold trap, E. The volumes of the cell and associated ‘“‘dead space’ were 35.2 
and 6.6 ml, respectively. The envelope, G, of the gauge was connected through stop- 
cock, F, and several feet of copper tubing to a mercury manometer located on the 
exterior wall of the irradiation cave. A resistance meter, also located outside the cave, 
was wired in series with the electrical contacts, H and I, on the gauge. This device was 
used as a ‘‘null instrument” for equating the envelope pressure and the internal gauge- 
cell pressure. (In practice it was usually necessary to apply a small correction to the 
pressure indicated by the external manometer.) Pressure measurements were repro- 
ducible to within 0.1 mm and could be made continuously during an irradiation. 

The cell was maintained at a constant temperature by surrounding it with a suitable 
vapor generated in a boiling-flask beneath it. The condensed vapor ran down the outer 
wall of the jacket, B, thus-returning to the boiling-flask without dropping on the walls 
of the cell. Most experiments were performed at the boiling point of ether. The vapor 
temperature, indicated by a thermometer located just above the cell, showed minor 
day-to-day fluctuations of about +0.1° C from the mean value, but was constant over 
the duration of any one experiment. The thermometer showed the same reading when 
placed directly in the neck of the boiling-flask. 

The cell jacket, stopcock, and gauge envelope were firmly fastened to a metal frame 
which could be placed in any one of three fixed irradiation positions, approximately 
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3, 9, and 18 cm from the source. As shown in Fig. 2, the stopcock and gauge were shielded 
from the direct Co® radiation by the source assembly. The dose rate at each irradiation 
position was measured with a pyrex-walled ionization chamber, of the same dimensions 
as the irradiation cell, supported in a pyrex jacket on a similar frame. The inner surface 
of the chamber was silvered to render it conducting, and a polythene cap, which carried 
the aluminum collecting-electrode, was inserted at the open end. Electrical contact 
between the grounded portion of the cap and the silvered chamber wall was achieved 
by the use of ‘“‘Aquadag”’ paste. Ion currents were measured with a Townsend balance. 
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Fic. 2. Schematic diagram of reaction cell and Co® source. 


A vacuum line fitted with storage bulbs and a gas-measuring apparatus, to which 
the irradiation cell could be attached, was used for storing the reactants and preparing 
the desired mixtures for irradiation. The pumping system consisted of a Cenco Hyvac 
oil pump and a Todd single stage mercury diffusion pump. Ultimate vacua of about 
10-> mm of mercury were obtained with this combination. 

Ethylene of 99.5% purity was obtained from a cylinder supplied by the Ohio Chemical 
and Surgical Equipment Co. of Cleveland. This material was subjected to two or three 
bulb-to-bulb distillations and then stored. Hydrogen bromide from a cylinder supplied 
by the Matheson Co. of Ohio was freed from traces of water by passing it over fused 
calcium bromide. A further purification by bulb-to-bulb distillation was carried out 
before the gas was stored. A sample of this gas was absorbed in water and titrated with 
silver nitrate. The bromide analysis showed 100.3% of the theoretical. 

Hydrogen bromide was also prepared by warming a mixture of potassium bromide, 
phosphorus pentoxide, and syrupy phosphoric acid. This gas was purified in the same 
way. Similar rates of addition were obtained with hydrogen bromide from both sources. 

The cell and associated apparatus were evacuated to a pressure of 10~‘ mm or less 
before use. A gas mixture of the required composition was synthesized and the cold 
trap, E, of the irradiation cell was immersed in liquid nitrogen. The gases were then slowly 
admitted to the cell through stopcock, C. After they had been condensed, the stopcock 
was closed and tue liquid nitrogen removed from E. As the condensed gases evaporated, 
the pressure in the gauge envelope was increased at a corresponding rate by admitting 
air through F. After the cell had been set up in the irradiation cave and the vapor bath 
had attained thermal equilibrium, the initial pressure in the cell was measured on the 
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external manometer by ‘‘zeroing’’ the spoon gauge. The envelope pressure was then 
reduced by about 1 mm and the irradiation was started. The time at which the envelope 
and cell pressures became equal was noted and the envelope pressure was subsequently 
reduced by a further 1 mm. In this way, successive pressure readings could be taken 
every 30—40 seconds during an irradiation. 

On completion of an experiment, the gas mixture was carefully removed from the cell 
and gauge, the envelope pressure being reduced at the same rate as the internal cell 
pressure. As a standard procedure, the cell was filled with an atmosphere of ethylene 
when it was not in use, and whenever it was necessary to regrease stopcock, C. Air 
was not admitted to the cell unless it was unavoidable, as it seemed to produce fluctua- 
tions in the rate of reaction. Dow-Corning High Vacuum Silicone grease was used 
wherever possible on the apparatus, as it was more resistant to hydrogen bromide 
and ethyl bromide than Apiezon grease. 

In calculating the reaction rate or concentration of either component in the reaction 
cell, corrections were made for the gas drawn into the cell from the gauge as the pressure 
fell. It was assumed that the initial concentrations of ethylene and hydrogen bromide 
in the gauge and cell were identical and that their relative concentrations in the gauge 
remained unaltered as the pressure fell. The results were, in general, consistent with 
this assumption. 


Dosimetry 

The number of ion pairs formed in the ionization chamber per unit volume per second 
in air was calculated from the saturation ionization currents for each of the three 
irradiation positions. These values, corrected to N.T.P. were 18.92, 4.72, and 1.33 10° 
ion pairs per milliliter per second, respectively. 

There are two processes which may contribute to the ionization of the gas in the 
chamber: (1) ionization by fast electrons ejected from the chamber wall, and (2) ioniza- 
tion by fast electrons formed by the interaction of y-rays with the electrons of the gas 
molecules in the chamber. Both processes have been illustrated in Fig. 2. Theoretical 
estimates, based on y-ray interaction cross sections, show that with Co® y-radiation 
process (2) can only account for about 0.5% of the total ionization in the chamber in 
air at N.T.P. For dosimetry purposes the ionization can therefore be treated as being 
exclusively of type (1) and the Bragg—Gray cavity principle (6) can be used to estimate 
the dose rate in gas mixtures in the irradiation cell, which was similar to the ionization 
chamber in dimensions and wall thickness (2 mm). The electrons ejected from the wall 
of the cell will possess energies varying from about 1 Mev down. Their number per 
unit dose, and energy distribution, will be determined by the wall material* and will 
be independent of the gas in the cell, provided the conditions of the Bragg—Gray cavity 
theory hold. In traversing the cell these electrons will lose energy by interactions with 
the electrons of the gas molecules, giving rise to excitations as well as ionizations. The 
rate of loss of energy per unit length of fast electron track in the gas (or ‘stopping power”’ 
of the gas) can be calculated from the Bethe or the Block formula (6). For an electron 
of given energy traversing a medium containing only one element of atomic number Z, 
the latter formula may be written in the form: 


2 2 
— (#2) = syxicy = 28S (210g, 1) (C 


*It is necessary to assume that the layer of silver on the wall of the ionization chamber does not appreciably 
alter the electron flux or energy distribution. 
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where the quantities ro, mo, c, and 6 have their usual significance, and @ is the value of 
the Block function calculated for the particular fast electron energy. [C] is the number 
of atoms per unit volume of the medium, and 7 is their mean ionization—excitation 
potential. S, is the stopping power per atom of the element. 

Assuming that the Bragg law of additivity of stopping powers holds, values of (dE/dx) 
can be calculated for hydrogen bromide and ethylene from the individual atomic stopping 
powers of hydrogen, bromine, and carbon. The following values were obtained for fast 
electrons of 0.3-Mev energy: 


— (dE/dx)ye, = 2.12 10-??X [HBr] Mev/cm 
— (dE/dx) c,H, = 1.207% 10-7? X[C2H1] Mev/cm 
— (dE/dx) aie = 2.74X%10-? Mev/cm at N.T.P. 


where the concentrations of ethylene and hydrogen bromide must be expressed in mole- 
cules/ml. The values of J used were: Jy = 13 ev, Ic = 67 ev, and Ig, = 328 ev (7). For 
consistency, — (dE/dx) was also calculated. 

According to the Bragg—Gray principle, the number of ion pairs formed in ethylene 
(J cou,) can be calculated from the number found in air (J,-) with the aid of the formula: 


Watr x (dE /dx) cons 
(dE/dx) str 





Joona = Jair X 


. ion pairs /ml second 
Woon, 
where W is the energy required to create a single ion pair in the particular gas. 

The value of the quantity (dE/dx) ¢.4,/(dE/dx)a, varies with the electron energy 
and should be averaged over the entire electron energy spectrum. However, it is unlikely 
that the ratio of the stopping powers of ethylene and air for 0.3-Mev electrons will be 
very different from the weighed mean ratio for the electron distribution from Co® 
radiation in the glass cells used (cf. ref. 9). Hence: 


Joong = Sate X 5.66 X [CoH,] X 10-7 ion pairs/ml second. 


The values of W were chosen from recent results reported in the literature (8). No 
experimental value of Wys, has been reported, but a theoretical estimate of 26.5 ev 
by Platzman has been cited (2). Using this value, one obtains a similar formula for 
ionization in hydrogen bromide: 


Jusr = JarX9.85X [HBr] X10-?° ion pairs/ml second. 


This is probably somewhat less accurate than that for ethylene. A combination of these 
formulae with the values of J, for radiation positions I, II, and III yields: 


position I: Jou = {{HBr]+0.575[CoH,4]} X 1.8. 10~-° ion pairs/ml second 
position II: {{HBr]+0.575[C.2H4]} X 4.6; 10~-'° ion pairs/ml second 
position IIT: {({HBr]+0.57;[C2H,]} X 1.36 10~-"° ion pairs/ml second. 


It may be noted that a correction should be applied to these formulae to make allowance 
for energy which is lost from the radiation cell (10) due to the escape of the higher 
energy 6-rays (or secondary electrons) from the radiation cell. This depends on the 
gross stopping power of the gas in the cell, and hence on the gas pressure and compo- 
sition. At the lowest pressures used in these experiments Jiota; might be about 10% 
lower than calculated by the above formulae. Under conditions where the gross stopping 
power was equivalent to air at N.T.P., Jys, would be only abaut 3% less than estimated, 
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and J¢.4, should be almost unaffected. In view of the uncertainty involved in estimating 
this correction and the approximations already made, the formulae have been used 
without correction.* They are probably correct to within +10% when ethylene is the 
main component. 


RESULTS 


Two methods were employed in identifying the product of the reaction: 

(1) A gas chromatogram of the material produced, from which ethylene and hydrogen 
bromide had been separated by virtue of their higher vapor pressures, showed only one 
peak after it was scanned for 33 minutes. The time of appearance (13.5 minutes) and 
“‘skewness”’ of this peak were identical with those of the peak from a commercial sample 
of ethyl bromide. 

(2) A number of experiments were performed in which the hydrogen bromide remaining 
after irradiation was determined by absorption. It was found that the hydrogen bromide 
consumed in the irradiation corresponded closely to the over-all pressure decrease. 
This indicated a mole-for-mole addition of HBr to ethylene, and this conclusion 
received further support from the observation that the over-all pressure decrease in ex- 
periments where the reaction was taken to virtual completion corresponded to complete 
consumption of the component present in lower concentration. 

These results are in accordance with the photochemical work, and because of the 
long chain length (see below) the species formed in the initiation and termination pro- 
cesses would be present in relatively small amounts and could only be detected by the 
use of special techniques. 

The rate of addition of hydrogen bromide to ethylene was investigated under ie 
distinct sets of conditions: (1) the hydrogen bromide concentration greatly exceeded 
the ethylene concentration, (2) the hydrogen bromide and ethylene concentrations were 
approximately equal, (3) the ethylene concentration greatly exceeded the hydrogen 
bromide concentration. 


I. HBr in Excess 

Over a period of several months the rates of addition were reproducible to within 
+10% under any given set of conditions. However, duplicate experiments in the same 
series usually agreed to within +5%. The pressure decrease versus time curves for two 
identical experiments have been given in Fig. 3. These were carried out at 33.9° C with 
hydrogen bromide and ethylene concentrations of 10.5 and 1.5X10'* molecules per ml, 
respectively, at the highest of the three possible dose rates. From the estimated dose 
rate (2.1410'° ion pairs per ml per second) an ion pair yield of about 2X10° was 
calculated. 

All experiments showed an induction period of about 60 seconds and there was no 
obvious relation between its magnitude and the concentration of either component. 
Experiments in which the irradiation was interrupted usually showed a second induction 
period (see Fig. 3). The initial induction periods could be attributed to ‘“‘clean-up”’ of 
an inhibiting impurity in the cell at a concentration of the order of 10'? molecules/ml 
(3X 10-5 mm of Hg pressure). However, the second induction periods cannot be explained 
in this way. 

In some experiments there appeared to be a small postirradiation reaction (of the 
order of 1 mm), which was complete in a few minutes. It seems likely that this post- 


*In any case the majority of experiments were carried out at a gross stopping power in the range 0.8-1.2 times 
that of air. 
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irradiation effect is an inverse Budde—Draper effect and that the induction periods may 
be partly, but not wholly, due to Budde—Draper effect (cf. (11)). Other effects such as 
interaction of the radiation with the walls of the radiation cell may also contribute. 

The dependence of the rate on ethylene concentration was studied over the range 
0.6-2.9X10'8 molecules/ml of ethylene. In these experiments the initial hydrogen 
bromide concentration was 10.610'* molecules/ml and the cell temperature, 33.9° C. 
Plots of logio [(C2H,4] versus time have been given in Fig. 4. It would appear that there 
is a first-order dependence of the rate on ethylene concentration, and values of the 
first-order rate constant (i.e., rate/[C2H4]) taken over the first 50% of the reaction, 
have been summarized in Table I. They showed a tendency to fall off as the ethylene 
concentration was increased. 

The dependence on hydrogen bromide concentration over the range 4-21 10'* 
molecules/ml was investigated at the same temperature. The ethylene concentration 
was kept within the range 1.4-1.6X10'* molecules/ml. Rates of addition, determined 
from first-order plots for ethylene consumption, have been given in Table I. A log-log 
plot of the rate versus hydrogen bromide concentration indicated an exponent slightly 
greater than 2 for [HBr] at this temperature. 

Experiments at 54° and 25°C were also performed, using the same ethylene con- 
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TABLE I 
Rate of addition of hydrogen bromide to ethylene: HBr in excess 














Average 
[HBr], (C2H,], {HBr]+0.575 {HBr], rea} x {[HBr].JRd? 
molecules/ molecules/ ky = Rate/ [C2H4], D, molecules/ 6 DxX16(Rate/[C:H,)) 
ml ml [C2H,], sec? molecules/ml cm?/sec ml 
(a) Dependence on [C2H,] 
33.9° C 
10.5X10'§ 2.92X10!8 3.24X10-3? 12.210!8 0.184 9.0108 8.1610"! 
10.8 2.08 3.24 12.0 0.192 9.8 8.47 
10.6 1.60 3.54 11.5 0.198 9.7 7.04 
10.4 1.57 3.71 11.3 0.199 9.5 6.40 
10.7 0.68 3.71 11.1 0.210 10.4 6.68 
(6) Dependence on [HBr] 

33.9°'C 
20.6 X 10'8 1.4810 14.8103 21.5x10'8 0.108 19.7X10'8 11.9X10# 
11.6 1.45 4.20 12.5 0.183 10.7 7.80 
10.6 1.60 3.54 11.5 0.200 9.7 7.04 
10.6 1.54 3.03 11.5 0.200 9.7 8.24 
10.4 1.57 3.71 11.3 0.203 9.5 6.40 
5.97 1.46 1.09 6.81 0.329 5.46 4.67 
5.69 1.50 0.756 6.58 0.344 4.82 5.44 
4.08 1.50 0.396 4.95 0.440 3.21 4.00 
§3.9° C 
10.5X10'8 1.55X10'8 1.76X10-? 11.4 0.208 10.25 14.3 

5 .86 1.46 0.423 6.7 0.340 5.68 11.8 
24.8°C 
11.0X10'% 1.55X10'8 4.61X10° 11.9 0.192 9.83 5.92 
10.7 1.57 4.73 11.6 0.196 9.86 5.53 
6.05 1.46 1.39 6.89 0.324 5.06 3.47 

(c) Dependence on J 
J (ion Logio 

33:.9°'C pairs/ml sec) Logio (J) (Rate/[C2H,)) 
10.6 10'8 1.60 X 10!8 3.54X10-3 11.5 2.14X10!° 10.331 3.549 
10.4 1.57 3.71 11.3 . 2.1010 10.323 3.569 
10.46 1.40 0.960 11.3 5.25 10° 9.720 4.983 
10.5 1.45 0.208 11.3 1.54X10° 9.187 4.318 





*For convenience these values have all been reduced by a factor of 1/6. 


centration as above and two hydrogen bromide concentrations. As shown in Table I, 
the reaction rate decreased with increasing temperature. 

A dose rate exponent of approximately unity was observed for hydrogen bromide and 
ethylene concentrations of 10.5 and 1.5X10!8 molecules/ml, respectively, at 33.9° C. A 
logarithmic plot of rate versus dose rate has been presented in Fig. 5. 


IT. HBr and C2H, Present in Approximately Equal Concentrations 

Three experiments performed under these conditions were followed to almost 100% 
addition. The results have been summarized in Table Ila, where the reaction rates at 
various stages have been included. The initial concentrations of hydrogen bromide were 
approximately the same in each experiment (10'* molecules/ml), while the concen- 
trations of ethylene were ‘slightly less than, equal to, and slightly greater than the 
hydrogen bromide concentrations in experiments 1, 2, and 3, respectively. In a fourth 
experiment, a gas mixture similar in composition to that of experiment 2 was irradiated 
in position II until a steady rate had been attained and measured. It was then irradiated 
in position I, and the steady rate again measured. A log-log plot of the two rates against 
dose rate has been included in Fig. 5. It is apparent that the dose rate exponent has 
fallen at the higher ethylene concentration and is approaching a value of 0.5. 








1218 CANADIAN JOURNAL OF CHEMISTRY. VOL. 37, 1959 
































DG 
2.0 a “20; 
x 
U 
a = 
~ ao 
< = 15} 
"Y 
z 
z : 
0 rs) 
< w 
w 3.0 3g '0 
=, = 
Ss 
PY uw 
oO 
= 
St 
40 . . . F 
9.0 9.5 10.0 10.5 st 1.0 2.0 
LoG,, [DOSE RATE] [HBr] (MOLECULES/ML ) 
Fic. 5. Logarithmic plots of rate versus dose rate for experiments at 33.9° C. 
[HBr] (molecules/ml) [C2H,] (molecules/ml) 
18 19 
: = 2x 10 | ordinates displaced by +1.00 
O 1019 1018 





_ 1, (HBr}[CoH4) JRd° 
~ 6 Dx RateX 16 
Temperature, °C 54.0 O 

33.9 O 

25.0 A 


Fic. 6. The function, F , plotted against [HBr]. 


III. CsH4 Present in Excess 


The data for these experiments have been given in Table I1b. The dose rate exponent 
was again determined from a fourth experiment, in which the concentrations were 
similar to those of experiment 5. This time the gas mixture was irradiated first in position 
Il and then in position III. The rates obtained in these two irradiations, together with 
the rate from experiment 2, have been plotted in Fig. 5. The gradient of this logarithmic 


plot indicated a dose rate exponent of about 0.5 under the conditions existing. 


DISCUSSION 
The Initiation Process 


The following reactions, originally suggested by Eyring, Hirschfelder, and Taylor, 
were found by Zubler, Hamil, and Williams (4) to be consistent with their experimental 


results on the X-radiolysis of hydrogen bromide: 
HBr wr HBrt + e 
e+ HBr—H + Br- 
Br- + HBr* > H + 2Br 
H + HBr — H: + Br. 


[1] 
[2] 
[3] 
[3a] 
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TABLE II 
Rate of addition of hydrogen bromide to ethylene 
[C2H,], [HBr], Rate, 
molecules/ml molecules/ml molecules/ml 
X10'8 X 1018 sec X10% [A’] [B’} 
(a) Reactants present in approximately equal concentrations 
‘ 5.68 9.26 13.5 5.8810 1.341078 
4.26 7.87 9.71 5.95 
2.84 6.48 6.12 6.09 
1.42 5.12 2.79 6.16 
2. 8.53 8.84 16.2 5.34X10 1.35X1078 
7.10 7.42 12.4 5.26 1.28 
5.68 6.02 9.05 5.22 1.21 
4.27 4.57 5.28 4.65 
2.84 3.16 2.61 3.80 
1.42 1.74 0.78 3.76 
3. 12.2 8.62 22.1 5.72X10 1.45X10-8 
10.9 7.27 18.9 5.83 1.48 
9.61 5.94 14.6 5.52 1.40 
8.36 4.66 9.70 4.87 1.22 
7.05 3.30 6.15 4.34 1.08 
5.72 1.96 2.80 3.44 0.84 
4.90 1.32 1.60 3.06 0.82 
(b) CsH, present in excess 
+ 20.1 2.84 7.10 2.59X10 1.001078 
20.0 2.56 6.82 2.78 1.00 
19.8 2.27 6.44 2.76 1.01 
19.6 1.99 5.35 2.54 0.945 
18.6 1.42 3.61 2.45 0.915 
18.5 1.14 3.06 2.32 0.900 
5 21.2 1.14 2.58 1.97 X10 0.751078 
21.0 0.853 1.84 1.70 0.70 
20.8 0.568 1.18 1.55 0.65 
20.6 0.284 0.520 1.31 0.57 
20.4 0.142 0.218 1.06 0.46 
6 10.0 1.42 1.41 1.68 X10 0.651078 
9.9 1.28 1.13 1.45 0.69 
9.7 0.994 1.00 1.69 0.69 
9.6 0.710 0.71 1.44 0.64 
9.5 0.570 0.57 1.53 0.63 





Note: In calculating the values of [A’] it was assumed that the contribution of HBr to M 
could be neglected (cf. ref. (1), results of Section I). k’ = kis/Risa at 33.9° from Section I; all 
experiments at 33.9° C. 


These reactions explained the destruction of four molecules of HBr per ion pair formed 
and indicate that in the present system four initiating radicals (H and Br) would be 
produced from each HBrt ion. 

More recent work (12) has shown that ion—molecule reactions are generally rapid. In 
fact it seems that they will compete with ion combinations under certain conditions. 
The reaction (cf. ref. 12a): 


HBrt + HBr — H2Br* + Br [4] 
should therefore be considered in addition to those given above especially when HBr 
is present in high concentrations as in the experiments reported in Section I of this 
paper. Neutralization of the H.Brt+ ion by bromide ions might give rise to two or four 
initiating radicals: 

Br- + H2Brt — He + 2Br [5a] 

HBr +H + Br [5d] 
cH + 2Br. [5c] 
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Since the positive ions are probably surrounded by a cluster of HBr molecules, which 
would act in essentially the same way as a solvent cage does in liquid phase photolyses, 
it seems unlikely that these dissociative ion combinations will be 100% efficient in 
forming radicals unless a considerable amount of energy is released as kinetic energy. 
While undoubtedly a large amount of energy would be released in reactions [5a] and [5d], 
this is not likely to be the case for reaction [5c]. Consequently, reaction [4] would prob- 
ably be followed by reactions [5a] or [50], but not by reaction [5c]. The number of 
initiating radicals formed per initial HBr* ion would then still be four. 

Excited hydrogen bromide molecules formed in the reaction mixture could dissociate 
to radicals, thus enhancing the number of initiations. However, excited species did not 
seem to play a major role in the X-ray-induced decomposition of HBr. In this study 
the results of Section I (HBr in excess) were therefore interpreted on the assumption 
that four initiating radicals were formed per ion pair and that the number formed 
through excitations was negligible. 

In the experiments of Sections II and III, where the ethylene concentration was 
high, positive ions would have been formed by the direct ionization of ethylene molecules: 


Co2Hayrnny> C.H,* +e [6] 


or possibly by ion—molecule reactions (cf. ref. 12a) such as: 


HBr*+ + C.H, — HBr + C.H,+ (7] 
HBrt + C,H, — C.H;* + Br [8a] 
C:H,t + C.H, = C;H;t 4. CH; [8d] 
and: 
C.H,* + HBr(+M) — C:.H;Br*(+M). [9] 


As the reaction proceeded and the concentration of ethyl bromide increased, it too 
would have suffered ionization (see ref. 13): 


C:H ;Br ~anw> C2H;Br* + é. [10] 
The electron capture process: 
e+ C.H;Br — CoH; + Br- [11] 


is a likely one (13a, 14) and might have competed with reaction [2] as the hydrogen 
bromide was consumed. 

Neutralization of the positive ions C.H,*+, C.H;t, C;Hs+, and C.H;Br* by negative 
bromide ions would undoubtedly furnish a large number of radicals, and although 
there is no specific information about ion combinations of this type, it is clear that the 
number of initiating radicals formed might vary from one positive ion to another. The 
number of initiations per ion pair would therefore be sensitive to the competition between 
the various ion—molecule reactions cited above, and thus also to the relative concen- 
trations of HBr and C,H,. Under the conditions existing in Sections II and III the 
initiation process is therefore likely to be much more complex than for those of Section I. 


Section I 

The results in Table I indicated a first-order dependence of the reaction rate on 
ethylene concentration. However, the value of the rate constant fell as the ethylene 
concentration increased. This may have been due to the occurrence of reactions [18] 
and [19] (see below), but since the value of k; decreased by only 20% for a fourfold 
change in ethylene concentration, these processes could not have been very significant 
under the conditions existing in Section I. The linearity of the first-order plots for ethylene 
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consumption over 90% of the reaction supports this conclusion and also shows that 
there was no appreciable change in the number of initiating radicals formed per ion 
pair* as the ethylene was replaced by ethyl bromide. 

The following mechanism (in accordance with the bromine atom theory of abnormal 
addition) was proposed by Vaughan and co-workers for the photoaddition of hydrogen 
bromide to ethylene: 


hy + HBr ~H + Br {12] 
Br + CoH, — C:H,.Br {13] 
C.H,Br + HBr — C;:H;Br + Br. [14a] 


It may be observed that reaction [14a] is probably some 10 kcal exothermic, while the 
alternative propagating mechanism would involve the endothermic reaction: 


C:H; + HBr my C.H;Br + H 
and could not therefore account for the rapid addition observed. 


This mechanism may be compared with that of Schumacher and co-workers (1) for 
the bromination of ethylene: 


hy + Bre — 2Br [15] 

Br + C2H, — C2H,Br [13] 
C2H,.Br — C:.H, + Br [16] 
C:.H,Br + Brz — C2H,Bre + Br. [14d] 


The same propagating radicals, Br and C.H,Br, are involved in both mechanisms, and 
reaction [16] should obviously be included in the mechanism for the hydrobromination. 

In either system, termination may occur by any one of the following processes, or 
possibly by a combination of them (cf. 15 and 16): 


Br + wall — 4Bre [17] 
Br+Br+M-—Br-+M [18] 
Br + C.H,Br — C:H,Brz [19a] 

or 
— C.H, + Bre [19d] 
2C.H.Br =—@ C2H, + C:.H,Bre [20a] 

or 
=> C,H sBre. [205] 


The process involved will depend largely on the relative concentrations of Br and 
C.H,Br, and application of the principle of stationary states leads to the following 
relation between the concentrations of these species: 


[i] [Br]/[CoH«Br] = (Risg/HBr]+:16)/Ris[(C2H4] for hydrobromination 
[ii] (Riap[Bro]+Ris)/Ris[C2H4] for bromination. 


Since only the ratio ki6/kia) is known, estimates of the above concentration ratio cannot 
be made with certainty in either system. However, reactions [17] and [18] were apparently 
the main modes of termination in the photobromination reaction at 60° C for ethylene 
pressures less than 8 cm. It may thus be concluded that at least under these conditions 
(which approach those of Section I in the present study) the bromine atom concen- 
tration is appreciably greater than the concentration of bromo-ethyl radicals. 

*It is improbable that the value of W for CoH sBr will be very different from those of HBr and C2Hy. Assuming 


that the Bragg law of additivity of stopping powers holds, there should therefore be no marked change in the 
number of ion pairs formed in the cell as the reaction proceeds. 
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The dose rate exponent of unity in Section I indicated linear termination. Assuming 
that this was due to reaction [17] the following rate expression may be derived (cf. 
ref. 2). 
k(R.J)Ris[C2H4][HBr] 

D{(HBr]+ie/Risa} 


where & is a constant, D the mean diffusion coefficient for bromine atoms in the reaction 
mixture, J the dose rate in ion pairs per milliliter per second, and R the number of 
initiations per ion pair (taken as 4). Since both J and 1/D are directly proportional 
to the hydrogen bromide pressure, this expression accounts for the observed dependence 
of the rate on hydrogen bromide concentration, as well as for the first-order dependence 
on ethylene concentration and the dose rate exponent of unity. 

In theory the reaction rate for wall-terminated chain reactions in cylindrical vessels 
should be proportional to the square of the cell diameter (cf. ref. 17). The above rate 
expression may therefore be rearranged to: 


k’Xd?X (JXR) X[C2H,] [HBr] ” [HBr], Ris 
Dx Rate Ris RisRisa 





Rate = 





where k’ is a second constant having a value of 1/16 in this case and d is the cell diameter. 
Values of the left-hand side of this expression, denoted as the function F, have been given 
in Table I and are plotted against the hydrogen bromide concentration in Fig. 6 for 
the three temperatures studied. The mean diffusion coefficient, D, was calculated for 
each individual experiment. The results are consistent with the above rate expression, 
and the following values of kis/Risq were calculated from the ratio of the intercepts to 
the slopes of the lines obtained in Fig. 6: 2.0, 4.8, 18.4X10'* molecules/ml at 25, 34, 
and 54°C, respectively. These values of kis/Risq would require an activation energy 
difference of 1442 kcal for Eis—Eisq. This seems rather high since Schmitz e¢ al. (1) 
obtained a value of only 6 kcal for Eig — E14), and Anderson et al. (18) found that Eis, — E14, 
for ethyl radicals was very small. More detailed studies of both systems would be 
required to establish the reason for this discrepancy, but in view of certain criticisms 
made by Kistiakowski and Sternberg (2) it seems that the low value for Eig —Eis, may 
be in error. With this exception the results of Section I are consistent with the wall 
termination mechanism and with the work on the photobromination of ethylene. The 
value of kis/Risq at 34° C has been used in Sections II and III. 

A point of interest is the fact that in the bromination reaction at 60° C the reaction 
rate rose as the pressure of inert gas (CF2Cl.) in the reaction cell was increased, and 
passed through a maximum at 200 mm. Above this pressure the intensity exponent 
fell from 1.0 to 0.5, and wall termination ceased to predominate. In contrast, no evidence 
of a maximum was observed in this study up to hydrogen bromide pressures of 600 
mm. This difference in behavior of the two systems may be attributed to a poor third- 
body efficiency of hydrogen bromide and to the larger diameter of the reaction cell used 
in the previous study (5.9 cm as opposed to 2.6 cm). (By substituting these values of d 
in the rate equations for the two systems, estimates of the values of k1; in the two systems 
may be made. These agreed within a factor of 2, and were of the order of 4X10!° mole 
ml-! sec-!. Such a value would seem to be reasonable for a radical addition reaction of 
this type.) 


Sections II and III 
The results of Sections II and III may be discussed together since the mechanism 
of termination in each was apparently almost exclusively by mutual interaction of the 

















ARMSTRONG AND SPINKS: RADIATION-INDUCED ADDITION 1223 


chain centers. Relation [i] shows that the chances of mutual termination by reactions 
[19] or [20] increase with the ethylene concentration. However, according to Schumacher 
and co-workers ethylene is about five times as efficient a third body for bromine atom 
combination as Freon, and in view of the results of Section I it seems likely that ethylene 
will also be more efficient when compared to hydrogen bromide. The probability of 
reaction [18] occurring would therefore also increase with ethylene concentration. 

Termination by reactions [18], [19], and [20] leads to the following three rate ex- 
pressions, respectively. 








_ [HBr][C:H,] 
[A] Rate = 505 (RJ)! TH THBr]-+ Basse] 

_ fi [HBr][CsH.}} 
[B] 4/ Qkis (RJ) {{HBr]+ie/kiso}* 


[C] 


These expressions may be rearranged to the forms: 


(Risa/k20*) (RJ)*[HBr]. 


kisR*? _ Rate[M]*{[HBr]+hie/kiso} 











[A’] hist J*{HBr] x [C2H,] 

BI 4/ -RigR _ Rate {(HBr]+kie/Risa}* 
} Dis J*HBr][C2H,}! 

and 

cy RisgR? _ _ Rate 


ko  J*{HBr]° 


The right-hand sides of expressions [A’] and [B’] have been calculated for various points 
on the reaction—-time curves of each individual experiment and are given in Tables 
IIa and 6. 

The initial rates of experiments 1, 2, and 3 gave fairly consistent values of either 
[A’] or [B’], but over the course of each experiment both the [A’] (experiment 1 excepted) 
and [B’] values fell by almost 50%. Fluctuations of a similar nature were observed in 
the values of [C’] which have not been given. It is not possible, therefore, to draw definite 
conclusions from the present experiments as to which mode of termination predominates 
at high ethylene pressures, but, whichever this may be, it seems that the variations in 
[A’], [B’], or [C’] could be explained by a dependence of R on hydrogen bromide pressure. 
This would account for the similar results of Section III and might be attributed to a 
competition between ion—molecule reactions as already discussed. More definite con- 
clusions could be drawn if the mechanism of termination at high ethylene pressures 
were established by independent photochemical experiments. 

In conclusion, the similarities between the photoinitiated bromination and the radiation- 
induced hydrobromination may be summarized: (1) similar chain lengths (10°), (2) same 
rate-controlling step at low ethylene pressures (Br + CoH, = C:H,Br), (3) negative 
temperature coefficient, and .(4) similar modes of termination dependent on the third- 
body efficiency of the gases present and the cell diameter. 
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AMENDMENT TO A PAPER BY W. MEHL AND J. O’M. BOCKRIS 


J. O’M. Bockris 


In the paper entitled ‘On the mechanism of electrolytic deposition and dissolution 
of silver’’ (Can. J. Chem. 37, 190 (1959)) the following Acknowledgment should appear 
before the References. 

Thanks are due to the American Electroplaters’ Society for the financial support of 
the work. It is wished to express appreciation for helpful comments made on the experi- 
mental work by members of the Supervising Committee of this Society. 
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JoHN HARRISON LABORATORY OF CHEMISTRY, 
UNIVERSITY OF PENNSYLVANIA, 
PHILADELPHIA, Pa., U.S.A. 


NOTE ON THE INTRINSIC VISCOSITY OF POLYSTYRENE IN 
MIXED SOLVENTS* 


J. F. HENDERSONT AND C. A. WINKLER 


The ability of solvents to dissolve high polymers, especially polystyrene, and the 
properties of the resulting solutions is a subject that has received much attention (1, 2, 
3, 4, 5, 6). The following is a brief account of results obtained from a few experiments 
which were made in this laboratory. 

The intrinsic viscosity of polystyrene dissolved in binary mixtures of methanol 
with benzene, bromobenzene, and chloroform was determined, and the results are shown 
in Fig. 1. Although benzene is a better solvent than bromobenzene for polystyrene, more 
methanol is required to precipitate polystyrene from bromobenzene than from benzene. 
Both this result and those of earlier investigations (1, 2) indicate that knowledge of the 
intrinsic viscosity of a polymer in a given solvent does not permit prediction of either 
the variation of intrinsic viscosity with addition of non-solvent or the amount of non- 
solvent required to produce precipitation. 

The expansion of a polymer molecule from its unperturbed dimensions, and conse- 
quently the intrinsic viscosity of the polymer solution, depends upon the relative magni- 
tudes of the heat of dilution and of the entropy of dilution parameters (7). It was decided 
to investigate solutions of polystyrene in binary mixtures of three different types of 
solvents, the solvents being characterized by their heat of dilution and entropy of dilution 
parameters. 

Measurements of the intrinsic viscosity of a polystyrene sample dissolved in several 
mixtures of methyl ethyl ketone and benzene were made, for which solvents the values 
of x;, the heat of dilution parameters, are approximately equal (7). The intrinsic viscosity 


* Financial assistance was received from the Canadian Kodak Co., Ltd. and the National Research Council. 
tHolder of a Canadian Kodak Company Ltd, Fellowship. 
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Fic. 1. The intrinsic viscosity of polystyrene ([n]e = 0.43) in solvent mixtures containing methanol 
at 24.2° C. 
O Benzene 
0 Chloroform 
A. Bromobenzene 


was very nearly linear in solvent composition and was independent of temperature for all 
solvent compositions (Fig. 2). On the other hand, the intrinsic viscosity of polystyrene in 
mixtures of benzene and cyclohexane, for which the entropy parameters, ~, were approxi- 
mately equal (7), was not linear in solvent composition and in the solvents rich in 
cyclohexane the intrinsic viscosity was temperature-dependent (Fig. 2) (3). It seems 
evident, therefore, that the relations between the composition of a mixture of two 
solvents and the two parameters x; and y, are different. 
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Fic. 2. The intrinsic viscosity of polystyrene ({n]g = 0.43) in binary mixtures of benzene, cyclohexane, 
and methyl ethyl ketone. 
© Cyclohexane and methyl ethyl ketone at 24.2°C | @ Cyclohexane and methyl ethyl ketone at 40.5° C 
A Benzene and methyl ethyl ketone at 24.2° C A Benzene and methyl ethyl ketone at 40.5° C 
O Benzene and cyclohexane at 24.2° C @ Benzene and cyclohexane at 40.5° C 
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The intrinsic viscosity of polystyrene dissolved in mixtures of methyl ethyl ketone 
and cyclohexane increased to a maximum and then decreased ‘with increasing cyclo- 
hexane concentration. In the solvent mixtures rich in cyclohexane the intrinsic viscosity 
increased with increasing temperature (Fig. 2). These results bear a striking resemblance 
to those for polystyrene dissolved in mixtures of acetone and methylcyclohexane (5). 

The addition of cyclohexane to polystyrene dissolved in methyl ethyl ketone will 
cause the values of both x; and y; to increase. To account for the curves in Fig. 2, it is 
suggested that, in solvent mixtures rich in methyl ethyl ketone, ¥, will increase at a 
greater rate than x; with increasing cyclohexane concentration. However, when the cyclo- 
hexane concentration is in excess of a given value, «x; will increase at the greater rate with 
increasing cyclohexane concentration. Hence, the difference ¥;—«:, and therefore the 
intrinsic viscosity, will first increase and then decrease with addition of cyclohexane 
to the solvent mixture. This suggestion is in accord with the observed behaviors of 
solutions of polystyrene in benzene — methyl ethyl ketone and in benzene—cyclohexane 
mixtures. 

If different relations exist between the composition of a mixture of two solvents and 
the two parameters x; and ¥, it becomes immediately possible to account at least quali- 
tatively for cosolvency and for the observation, for example, that more methanol is 
required to precipitate polystyrene from bromobenzene than from benzene. Unfortunately, 
there is little information about the dimensions of polymer molecules in mixtures of 
specific types of solvents. 

It should be noted that a truly adequate theoretical explanation of these observations 
would require that solvent mixtures be considered, not as single components as done 
above, but as two components, and this would require knowledge of the thermodynamic 
interactions between the polymer and each solvent and between the solvents themselves. 
This has been done for solutions of polystyrene in benzene-cyclohexane mixtures (8) 
but not for solutions of polystyrene in benzene — methyl ethyl ketone and cyclohexane — 
methyl ethyl ketone mixtures since information about solvent-solvent interactions 
in the latter systems is not available. 
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